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The purpose of this study was to develop a digital 
computer model of the Mink Brook Aquifer to examine the 
importance of including evapotranspiration in aquifer model-
ing, the discharge well effects on the streams and ponds 
in the aquifer, and the water table configurations result-
ing from the extensive development within the aquifer by 
the Wakefield Water Company. 
For this study, the Wakefield Water Company pumping 
rate for 1959 (0.86 mgd) was used for calibration, pre-
sent rates (1.43 mgd at Holland site and 0.56 mgd annually 
at the Tuckertown site) were used for investigation of 
effects of pumping on streams, ponds, and water table con-
figurations, and the maximum discharge capacities for 
wells were used to determine the aquifer's response to 
maximum potential development. 
The study revealed that in basins with large swamp 
areas (Mink Brook - 30%), calibration and utilization of 
a groundwater model must include evapotranspiration los-
se s. 
In years of normal groundwater recharge, present with-
drawal rates can be sustained with no detrimental effects 
other than the disappearance of Mink Brook flow. However 
with present discharge rates and under certain severe 
conditions, extensive areas within the aquifer would be 
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dewatered, since there is a delicate balance between pond 
level, pumping rate, and rate of recharge. Results for 
present pumping rates indicate that further development 
would cause problems. Computer runs using full well 
capacities resulted in dewatering of the aquifer causing 
simulation failure; even a third hypothetical well field 
with an assumed discharge rate of 1 mgd located in an 
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I. DESCRIPTION OF STUDY AREA 
Subsurface Geology 
The Mink Brook Basin's subsurface geology is the 
result of glaciation. Beneath the glacial deposits lies 
a northwest-southeast trending bedrock valley, passing 
under both Wordens and Tucker Ponds. Today this valley is 
filled with glacial lacustrine and stratified drift deposits. 
In the area which has been chosen to represent the basin 
model, the western border consists predominantly of lacus-
trine deposits, with some till; the northern, southern, 
and parts of the eastern consist of both till and mixed 
deposits, with the central region of the basin and a small 
portion of the eastern border consisting of outwash material. 
The lacustrine deposits can be found beyond the 
present borders of Wordens Pond, this the result of 
glacial periods where Wordens Pond--termed glacial Lake 
Worden, had a much larger shoreline which changed perio-
dically, These lacustrine deposits consist of very fine 
sand and silt, with traces of clay. 
On the southern border, the till and mixed till and 
outwash deposits are part of the extensive Charlestown 
Moraine. There is some question as to whether this 
moraine represents a recessional or an end moraine. The 
northern border is again a combination of till and till and 
outwash deposits and is part of a recessional moraine. 
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A detailed descript~on of the glacial deposits of Southern 
Rhode Island is given in reference (10), which discusses 
the subsurface geology of the region. 
Lacustrine deposits, till, and mixed till and out-
wash deposits in this area of Rhode Island range in average 
hydraulic conductivity from less than 1 to as much as 
20 gpd per sq. ft., and wells generally yield less than 
5 gpm ( 2) . 
Till, a predominant unconsolidated deposit in the 
upper Pawcatuck River Basin, of which the Mink Brook Basin 
is a part, consists mainly of mechanically broken fragments 
of granite and gneiss. The fragments range in size from 
clay size particles to boulders, depending on the nature 
of the source rocks. The hard granites and granite-gneisses 
which are found in the northern part of the basin have 
rather widely spaced fractures and break chiefly into 
boulders, large cobbles, and pebbles. 
The southern sections of the Upper Pawcatuck Basin 
are. made up of schists which are finely foliated and break 
up easily into sand and silt sized particles. 
The wide range in particle sizes of till makes it a 
poor water transmitting material; locally however, till may 
contain lenses of sorted sand and gravel resulting in a 
permeability considerab}y greater than the median. 
In general, till occurs as a discontinuous veneer over 
bedrock. In the uplands it is generally about twenty 
feet thick; in the lowlands where it underlies stratified 
-3-
deposits, it is generally less,than ten feet thick. 
Stratified outwash materials are generally restricted to 
lowlands and have been found to be as great as one-hundred 
and ninety feet thick. Figure 1. shows the distribution 
of lacustrine, till, till and outwash materials, and out-
wash materials. These areas have been identified from test 
borings done by both the United States Geologic Survey and 
the Wakefield Water Company, as well as pumping tests 
performed on several private wells. 
Area I. shown on Figure 2. represents outwash deposits 
with values of hydraulic conductivities greater than 1000 
gpd.per sq. ft. which in most places can yield 700 to 
2000 gpm to properly constructed large-diameter screened 
wells. The area contains numerous discontinuous lenses of 
gravel and very coarse sand interbedded with less permeable 
finer grained outwash. The degree of stratification can 
be better observed while viewing well logs of several 
wells in the study area, found in Appendix B. Hydraulic 
conductivities of individual beds may range from less 
than 1 to as much as 10,000 gpd per sq. ft. The fine 
grained beds are mostly lacustrine from periods of down 
wasting when glacial lake Worden became quite expanded. 
Area II., representing outwash material, has a range 
in hydraulic conductivity of [00 to l00b gpd per sq ft., 
and in most places can yield up to 700 gpm to properly 
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Figure 2. Map of varying hydraulic conductivites in study 
area. (Modi.f'ied Allen et al., (2)) 
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contains discontinuous lenses of very coarse, coarse, and 
medium sand inter bedded with finer grained sand and silt 
and small amounts of gravel. Permeabilities of individual 
beds may range from less than l to several thousand gpd per 
sq. ft. Again, this area includes layers of lacustrine 
deposits with permeabilities of about l gpd per sq ft. 
Area III. represents outwash deposits having a range 
in average permeability of 20 to 100 gdp per sq. ft. In 
most places yields to wells are less than 100 gpm. The 
saturated deposits are generally fine sand with small 
amounts of coarse, medium, and very fine sand, and very 
small amounts of gravel. Permeabilities of individual beds 
may range from less than l to 1000 gpd per sq. ft., the 
lower end of the range representing those lenses resuiting 
from lacustrine deposits (2). 
These values are those reported by Allen et al. in 
a ,report on the USGS investigations performed during the 
period of 1957-59; since that time Wakefield Water Company 
has found areas with much higher values for transmissivity 
and hydraulic conductivity than earlier reported. This is 
not to question the validity of the Allen values but rather 
to support the possibility of existing gravel lenses. 
Allen's findings are supported by other values for trans-
missivity determined by Wakefield Water Company from their 
original well field at the head of the Mink Brook (shown on 
Figure 1.). The value reported by Wakefield Water Company 
-7-
was 40,000 gal/day.ft, which lies within the range of 
25,000 and 75,000 gal/day.ft; the range being determined 
by multiplying the values for hydraulic conductivity and 
saturated thickness as reported by Allen et al. in the 
immediate area of the well field (11,2). 
In the discussion of subsurface geology, values for 
hydraulic conductivity were given, but for purposes of 
modeling, saturated thickness values are also needed for 
determination of transmissivities. Transmissivity is used 
in the equations which are solved by the program and is 
determined by multiplying hydraulic conductivity by the 
saturated thickness. 
For values of saturated thickness, maps developed by 
Allen et al. were used. The saturated thickness was taken 
to be groundwater level down to a material which would be 
restrictive to flow, not necessarily bedrock. In some 
cases, such as with outwash material, if a thick layer of 
fines was encountered at a significant depth, the top of 
that layer was taken as the limit of saturated thickness. 
From the map of saturated thickness (Figure 3.), it is easy 
to see the outline of the preexisting bedrock valley which 
has been filled by glacial and lacustrine deposits. 
·/ L-
~ 
(1 ~ .~. 
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Figure 3. Saturated Thiclmess of Glacial Deposits in 
Mink Brook Basin. (From Allen et al., (~)) 
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Basin Recharge/Water Availibility 
Water passes into and out of the Mink Brook Basin 
through the many complex relationships which can be col-
lectively termed the hydrologic cycle. The principal ele-
ments as they apply to the Mink Brook Basin as well as to 
most basins are shown in Figure 4. (2). 
EXPLANATION .... 
Sand and •ravel TIii Bedrock 
Arrow showin• component 
of movement in plane of 
section. not necnsarily 
true direction of move-
ment 
Figure 4. Hydrologic cycle of valley typical of glaciated 
areas. (From Allen et al., ( 2)) 
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For modeling purposes, all water entering the study 
area is through precipitation, although there does exist 
the possibility that some water is entering as under flow 
from beyond topographic divides. As seen in the figure 
expressing the hydrologic cycle, a portion of the precipi-
tation becomes surface runoff, part as groundwater infil-
tration, and some becomes evaporative losses. Some of 
both the overland runoff and that which has become ground-
water finds itself as storage in ponds, lakes, streams, 
and swamps. 
In Rhode Island there is a significant variation in 
average annual precipitation and this is even seen in the 
smaller area represented by the Upper Pawcatuck River Basin. 
• This is shown in Figure 5., the dots with names representing 
the location of precipitation stations maintained during 
1957, 58, and 59. The Kingston station is the only perma-
nent station still active. Precipitation data in tabular 
and graph form are presented in Appendix~ for years 1958 
and 59. Over a period from 1889 to 1962, the average 
annual precipitation at Kingston was 48.39 inches; the 
range was from 31.76 inches in 1943 to 72.22 inches in 
1898 (2). 
Because Rhode Island is an ocean state and often in 
the path of hurricanes moving up the eastern seaboard, 
annual rainfalls can vary drastically from year to year 
with the state getting a large portion of its annual pre-

























Figure 5. Location of Upper Pawcatuck River Basin/Illus-
' tration of variation in average annual pre-
cipitation. (From Allen et al., (2)) 
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getting so much rainfall in a short period of time is a 
significant loss due to overland runoff. As an example of 
the possible variations observed; rainfall for the years 
• 1931 and 1932 was 39.43 and 61.21 inches, respectively. 
Distribution throughout the year varies greatly due to 
hurricanes which occur during August, September, and Octo-
ber. The driest months are usually June and July. The 
state usually has a second rainy season beginning after 
the first of the year and lasting unitl the end of March. 
Rainwater or melting snow, exclusive of the water 
withheld as basin recharge, may follow three paths to a 
stream. A portion travels as overland flow (surface run-
off) across the ground surface to the nearest channel. 
Still other water may infiltrate into the soil and flow 
laterally in the surface soil to a stream channel as inter-
flow. A relatively impermeable stratum in the subsoil 
favors the occurence of interflow. A third portion of the 
water may percolate downward through the soil until it 
reaches the groundwater. Vertical percolation of rainfall 
results in groundwater accretion only if the soil is highly 
permeable or the groundwater is near the surface. Low 
soil permeability encourages overland flow, while a thick 
soil mantle, even though permeable, may retain so much 
water as soil moisture that none can reach the groundwater. 
Many things are involved which influence the degree of 
surface runoff: pre-storm soil moisture, intensity of 
-13-
storm, storm duration, soil structure, and slope. Surface 
runoff can be very high at times and can be seen on stream-
flow hydrographs as sharp peaks. An example of this can 
be seen when viewing a hydrograph of Wardens Pond (Figure 
6.) which is fed by the Chipuxet River. It shows large 
fluctuations in gage height shortly following sizeable 
storms. 
The monitoring of stream, pond, and well levels over 
a period of time can show the recharge or loss to ground-
water storage. As part of the study of the Upper Pawcatuck 
River Basin, many ponds and wells were monitored over a 
period of time. For this study, the results from moni-
toring Tucker Pond, and well Soks 639, 749, and 509 were 
used to develop hydrographs. The location and monitored 
results in tabular form are presented in Appendix B. 
Well Sok 509, which is actually outside of the study area, 
was included as a comparison and to give an additional 
value for aiding in the determination of groundwater re-
charge. Tucker Pond is important because it has no enter-
ing streams or rivers, and relies solely on groundwater 

































































































































































































The method of groundwater recharge analysis from 
hydrographs is described in reference (12) and illustrated 
in Figures 7., 8., and 9. From the analysis, groundwater 
recharge as determined from well Soks 639, 749, and 509 
from a rise beginning approximately the second week of 
July, 1959, was 1.92, 2.64, and 3.00 inches, respectively. 
Tucker Pond showed a recharge of 5.28 inches. Recharge 
to the Pond during this period is approximately double 
what is recharging directly to the groundwater. 
Streamflow relationships within the Mink Brook Basin 
are quite simple. The basin has no streams or rivers of 
significant size entering, and the two streams leaving 
have such a slow flow that they were not measurable during 
the study period. Neither stream is more than five feet 
across or greater than one foot deep. The stream from 
which the basin derives its name, the Mink Brook, originates 
on the eastern border and runs due west across the basin 
/ 
discharging to Wardens Pond. The other stream is the Alwife, 
which exits from Tucker Pond and also discharges into 
Wardens Pond. Although both streams are shown on the 1974 
revised topographic map, and those presented by Allen in 
his report, during most of the period this report covers, 
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Well *Sok 509: 
Well *Sok 749: 
Well *Sok 639: 
Tucker Pond: 
Rl = 98.05ft - 96.80ft x Sy 




= 94.20ft - 93.10ft x Sy 




= 93.45ft - 92.65ft x Sy 




= 1.23ft - 0.79ft 
= 0.44ft 
= 5.28in 
* Location of wells shown on-figure 9A. 
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Figure 9. Calculations to determine groundwater recharge 
for period leading up to August 23, 1959. 
Worden a 
Pond 
e Sok 6)9 
--- Mink 






• Sok 509 
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0 J' ( r-·F· 
./""\ /' • _,/,,--..,__,,,..'\ r• ~• Lfo:Gr:ND 
V ..../ • Te!lt Well 
'. J ------•-....f·~·-v noundary of the Upper 
Pawcatuck River Basin 
0 2000 
Feet 
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Water Losses 
Groundwater runoff, if anything, is even more complex 
than overland runoff, being influenced by many of the same 
factors (degree of saturation, soil type and structure, 
slope} but also influenced by the presence of restrictive 
or conducting geologic formations such as bedrock outcrops. 
More quantifiable forms of water loss would include: 
ground and surface water evaporation, transpiration, dis-
charge from streams, rivers, and channels, and discharge 
wells if present within or relatively close to basin bound-
aries. 
The only sizeable ponds within the basin are Tucker 
and Wardens Pond, with only a portion of the latter actually 
in the basin. Evaporation is directly related to temper-
ature and is of a seasonal nature. Since the actual water 
surface area is small relative to the total basin area and 
again, is only seasonal, water loss on a yearly basis due 
to surface water evaporation would be relatively small. 
Groundwater evaporation, though, would be expected to be 
large because of the amount of swamp area within the basin 
(approximately 30%). 
In viewing water losses from the soil, it is generally 
not practical to separate evaporation and transpiration, the 
lo~s of moisture by plants during their growing cycle. 
The average growing season is normally about 180 days in 
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this region of the United States, from the last killing 
frost about April 30th to the first killing frost about 
~ctober 20th (2). Most of the precipitation that falls on 
the basin during the growing season is evaporated or trans-
pired from the land surface and soil before it is able to 
infiltrate to the water table. Thus, a large part of the 
water lost annually to evapotranspiration does not come 
from the groundwater reservoir, except in areas where the 
water table is shallow and the capillary fringe extends 
to the land surface, such as in the many swamp areas in 
the study basin. In these swamp areas large quantities of 
groundwater are discharged to the atmosphere through evap-
oration and by the plant roots and rootlets which extend 
into the zone of saturation allowing the plants to discharge 
water through their leaves. 
In terms of an annual water budget, evapotranspiration 
loss from a drainage basin is the difference between the 
precipitation over the basin and the runoff from the basin, 
including changes in surface and groundwater storage and 
pumping withdrawals. 
There are several methods for direct measurement of 
evapotranspirative losses, one being the use of lysimeters 
which can monitor soil moisture, but all are expensive and 
involved. As mentioned, evapotranspiration can also be de-
termined from a comprehensive water budget. Several equa-
tions have been developed to estimate potential Et. Poten-
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tial Et is defined as the amount of water that would be 
lost from a surface fully occupied by vegetation if there 
were no deficiency at any time of water in the soil for use 
by the vegetation (19). One of the more widely used methods 
was developed by Thornthwaite and Mather in 1957 and is 
given in Equation 1. 
where 
Et= 1.6 r l0Ta )a 
l I J 
( 1. ) 
Ta-----mean monthly air temperature (C0 ) 
I-----annual heat index= r rTai) 1. 5 
l-5-J 
a-----0.49 + 0.0179I - 0.00007711 2 + 
0.0000006751 3 
With a mean annual temperature of so0 c, and using 
the above relationship, the study area has a value for 
potential evapotranspiration of 23.90 inches/year. This 
is on an annual basis and if desired can be determined 
for monthly values. This amount of water is lost to the 
atmosphere and serves no useful purpose for local inhab-
itants. When considering years such as 1943 when the 
annual precipitation was 31.76 inches, the potential evapo-
transpiration could approach this value for an abnormally 
hot year. 
In the Mink Brook Basin there is still one more major 
type of water loss, groundwater withdrawals through dis-
charge wells. It would be hard to find any drainage basin 
in Rhode Island, or developed area of the United States 
that does not have some amount of water being removed for 
home usage. In many areas it is through home wells and 
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impossible to monitor over long periods of time. In the 
Mink Brook Basin there are residential wells withdrawing 
water for individual home usage but there also exist two 
large production well fields owned by the Wakefield Water 
Company. At the time Allen et al. made their report in 
1959, Wakefield Water Company was pumping 0.86 million 
gallons per day from the well field located at the head 
of the Mink Brook (2). 
II. MODEL DESIGN 
The mechanics of solving finite-difference equations 
have been known for some time, and the various methods 
are described by Southwell (18), Allen (1), Crank (5), 
Todd (21), Saul'yev (17), Volynskii and Bekkaman (22), and 
Richtmeyer and Morton (16). In practice, however, the 
finite-difference technique requires such a large number 
of mathematical calculations that without a digital com-
puter the time required to solve even the simplest problem 
is prohibitive. In Appendix A, the development of the 
finite-difference equations to be solved by the basic pro-
gram can be found. 
To analyze the aquifer described in the previous 
chapters, the basic aquifer simulation program developed 
by Prickett and I.Dnrquistin 1968 is used to solve the set 
of finite-difference equations (14). Figure 10. illustrates 
the parameters included in the basic program. Briefly, the 
basic aquifer simulation program is intended for use when 
analyzing cause and effect relationships involving draw-
downs or heads under transient conditions in a nonhomo-
geneous and/or homogeneous, isotropic aquifer under nonleaky 
artesian conditions. Under these conditions it is possible 
to consider boundary conditions such as irregular barriers, 
recharge boundaries, constant head boundaries, and constant 
withdrawal or recharge rates. 
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Figure 10. Illustration of physical parameters considered 
by basic program (ISWS). (From Prickett and 
Lonnquist, (14)) 
In the report by Prickett andlDnnquist, several pro-
gram options which can be used to modify the basic program 
were also presented: leaky artesian conditions, ~nduced 
infiltration, groundwater evapotranspiration, water table 
conditions, three dimensional problems, and composite aqui-
fer simulations. For the study of the Mink Brook Basin, the 
water table and evapotranspiration options are used. There 
are.several areas in the basin where artesian conditions may 
exist but the aquifer was considered to be entirely under 
water table conditions. The basic program with modifications 
to include water table conditions (in enclosed lines) is 
found in Appendix A and illustrated in Figure 11. 
0 
Figure 11. 










Illustration of physical parameters considered 
by basic program modified to include water 
table conditions. 
Figure 11. shows a well pumping from an aquifer that is 
unconfined with the water being released from storage by 
gravity drainage of the interstices in the portion of the 
aquifer being dewatered. Gravity drainage decreases the 
saturated thickness of the aquifer and therefore the 
aquifer transmissivity. 
Figure 12. shows a typical aquifer vector volume of the 
model in which the flow of water is passing through a vec-
tor volume that is wedge shaped. The equivalent aquifer 
transmissivity 0£ the wedge shaped vector volume, between 
the node points i, j, and i + 1, j can be approximated by 
the following formula (From Butler in 1957) 
where 
Perm. • '(h • 2 V • J. 1, J, 1, bot. 1, 
boti+l, j) 
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T. 2 -----aquifer transmissivity of the vec-1
' j, tor volume between nodes i, j and 
i+l, j. 
Perm. 2 --hydraulic conductivity of aquifer 1
' j, within the vector volume between 
nodes i, j and i+l, j. 
Similarly, the equivalent aquifer transmissivity of the 
vector volume between node points i, j and i, j+l is; 
( 2) 
T. . l = Perm. . l \f(h. . - bot. . ) (h. . l 
1, J, 1, J, 1, J 1, J 1, J+ ( 3) 










i+l, j t 
boti+l, j 
---head reference level 
Figure 12. Typical aquifer vector volume. (I<,rom Prlckett 
and Lonnqui st, (14)) 
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Transmissivities calculated with Equations 2. and 3. 
represent geometric means, which are more accurate than 
values computed as an average between nodes, especially 
when dealing with steep gradients near pumping centers (14). 
Along with modifications to allow for changing trans-
missivities, program lines have also been added to handle 
cases where the aquifer may go dry. Reasons for an aquifer 
±o go dry would be if a well is over-pumped, or where water 
levels drop below a rise in the aquifer bottom. The pro-
gram lines check to see if heads have fallen below the bottom 
of the aquifer. If so, those heads are set equal to the 
bottom elevation plus 0.01 feet. By doing this, the trans-
missivity at any point has some positive value, and this 
allows refilling of the aquifer (14). 
As the first step in a computer job setup, the aquifer 
system properties are discretized by superimposing a finite 
difference grid over maps of the aquifer properties. The 
dimensions of the grid representing the study area are de-
fined by NC, the number of columns in the model, and by NR, 
the number of rows. 
·All the parameters for the model are set through three 
different types of data input; the first and second are the 
parameter and default value cards, the third the node cards. 
The parameter and default cards· define the dimensions, run-
ning conditions (nsteps, delta and error) and initial values 
of transmissivity, hydraulic head, discharge/recharge, storage 
-
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factor, hydraulic conductivity, and bottom elevation for the 
I 
model. The parameter and default cards provide data for sim-
ulating a NC by NR aquifer system having homogeneous, iso-
tropic properties with identical initial heads and the same 
net withdrawal/recharge rates at all nodes. 
The program has been written in such a way that it will 
operate with any consistent set of units. To obtain units 
in gallon per day per foot, the storage factor is calculated 
with the following equation: 
where 
SF2. . = 7. 4 8 S6x!:iy 
l,J 
( 4. ) 
SF2 .. ---storage factor for node located at node 
l,J coordinates i,j in gal/ft. 
S -------if artesian conditions are being used, 
this term would represent storage 
coefficient. With water table conditions, 
Sy is substituted. 
7.48 ----number of gallons in a cubic foot of water. 
!:ix!:iy ----finite difference grid spacing, in feet. 
A node card is prepared for each node with aquifer pro-
perties differing from those defined on the default card. 
If a node card is included, all values must be defined as 
indicated on the read and format statements in the program, 
even if some of the values are equal to the default values. 
The basic aquifer simulation program deck, parameter card, 
default card, and node deck are assembled in the order shown 
in Figure 13. 
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Figure 13. Sample input data for water table conditions. 
(From Prickett and Lonnquist, (14)) 
The values defined on the parameter card, nstep, delta 
and error actually control operation of the model. Nstep 
and delta govern the period of time the simulation runs. 
The duration of time for each time step is determined in the 
following manner and total simulation time is controlled by 










Delta + Delta X 1.2 
Delta + Delta X 1.2 + (Delta x 1.2) X 1. 2 
Delta (1 + 1.2 1 + . . . + 1 _2 rstep - 1) 
Delta (1 + 1.2
1 
+ - 22 1. + + 1
_2Nstep) 
!step -----time increment number 
Nstep -----total number of time increments in 
the simulation 
Delta -----initial time increment 
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The value of 1.2 in the previous equation can be changed 
with resulting changes in time. By increasing or decreasing 
the value of this number, the operator can make time during 
each Istep greater or smaller. 
All computer programs for aquifer evaluations should 
include an internal check on errors that are inherently pre-
sent in solving finite difference equations. The error term 
in the basic aquifer simulation program assures that computed 
heads or drawdowns have converged to acceptable values. This 
is achieved through the error term which in feet, represents 
the maximum allowable sum of the absolute values of the chan-
ges in head for all node points of the model during an 
iteration. If the heads or drawdowns have not changed more 
than the error tolerance during an iteration, then the solu-
tion has converged to acceptable accuracy for that particular 
time step. 
Figure 14. shows how drawdowns vary with changes in 
the error term. As the error term is decreased, the draw-
downs come close to the theoretical curve. It should be 
noticed that there exists a point of diminishing return 
wherein further reductions in the error term will not yield 
significant improvements in the accuracy of the computed 
drawdowns. Highly accurate answers require more computer 
time, probably in the form of added iterations. The actual 
accuracy needed should be considered when choosing the 
appropriate error value. 
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Not every area to be modeled is homogeneous and iso-
tropic, with identical heads and net withdrawal/recharge 
' rates, which can be easily simulated with the use of para-
meter and default cards. The Mink Brook Basin is a good 
example of this, and provisions must be made for ponds, 
streams, various boundary conditions, heterogeneities and 
a variable saturated thickness (varying head and bottom 
elevations, node to node). 
IUt-, _,, • .._..llllll . ...,.. f•l 
tt• 1-6 1e' 
Figure 14. Distance-drawdown comparison of theoretical 
and digital computer solutions with errQr 
as a variable. (From Prickett and Lonnquist, 
{14)) 
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Ponds and Streams 
Surface water (streams, canals, lakes, ponds, or 
reservoirs) is represented as either partially penetrating 
or fully penetrating the aquifer. In modeling surface 
water the difficulty is designing the proper connection 
with the aquifer. If groundwater levels are below that of 
the surface water body, water will seep into the ground. 
Streams that lose water by seepage are called losing streams 
(4). The rate of seepage from streams or canals depends 
on channel geometry, the hydraulic conductivity of bottom 
mate~ial and underlying soil layers, and depth of the ground-
water table at some distance from the channel. Flow vel-
ocity in the channel has no direct effect on seepage, but 
it could affect seepage indirectly because fine particles 
and other sediments have more chance to accumulate on the 
bottom of stagnant or slow-flowing channels than in rapid 
streams. 
In analyzing systems of seepage flow from surface 
water (canals as well as impoundments) to groundwater, 
three basic soil conditions can be distinguished: 
A. The soil below the channel is homogeneous and 
underlain by material of much higher hydraulic 
conductivity, considered as infinitely permeable 
in flow-system analyses (Figure 15.) The water 
table at some distance from the channel may 
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be above or below the top of the permeable mat-
erial. If it is below the top of this material, 
the permeable layer acts as a ·drainage layer for 
the seepage water. 
0600••• .. ••=••••••• ••'• ••••: •••••••• ••• o•••••••o••o•:•oooo•oooo:•~ 
PERMEABLE 
Figure 15. Geometry and symbols for channel in soil 
underlain by permeable material. (From 
Herman Bouwer, (4)) 
B. The soil below the channel is homogeneous and 
underlain by material of much lower hydraulic 
conductivity, taken as impermeable in the analy-
ses if the flow (Figure 16). 
IMPERMEABLE 
Figure 16. Geometry and symbols for channel in soil 
underlain by impermeable material. (From 
Herman Bouwer, (4) ) 
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C. The soil below the channel is covered by a 
. relatively thin layer of sediment or other 
fine material that is of much lower hydraulic 
conductivity than the underlying soil and re-
stricts the seepage rate (Figure 17). 
CAPILLARY FRINGE 
WATER TABLE 
Figure 17. Illustration of channel with thin layer of low 
permeable material along wetted perimeter. 
(From Herman Bouwer, (4)) 
If streams are to be modeled as partially penetrating, 
which of the above three cases fits the physical charac-
teristics of the situation best must be determined. Next, 
as many of these characteristics are modeled within res-
trictions of the basic program, it may be required, de-
pending on what specific characteristics are to be included, 
that a different program be chosen (Trescott, P.S., USGS, 
(20)) or modifications b.e made to the program presently 
being used (20). 
The second method, the fully penetrating stream, is 
much simpler and straightforward. At each node representing 
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a stream, the appropriate initial head, hydraulic conduc-
tivity, and saturated thickness for the geologic region 
are assigned with a storage factor which will assure con-
stant head. All that is being done is guaranteeing that 
the initial head value assigned will remain the same, 
regardless of what happens at or near the stream node. 
The same decisions have to be made about modeling 
ponds except that there is more to support the choice of the 
fully penetrating conditions, since ponds will have a 
greater depth and greater areal extent relative to aquifer 
thickness. This is not to say that the fully penetrating 
method is the only choice to be made in modeling ponds; 
their levels do fluctuate but not as rapidly as streams do. 
Boundaries 
All aquifets can be thought of as finite and as such 
are subject to various boundary conditions. There are two 
types of flow boundaries: 1) constant head and 2) constant 
flow. A no-flow boundary is most commonly encountered 
where the aquifer abuts impermeable rock, a rapid decrease 
in transmissivity, or a topographic divide. 
Flow boundaries may represent streams, ponds, leaky 
confining beds, discharge/recharge wells, and groundwater 
flow into or out of the aquifer. To model these boundaries 
it is necessary to estimate rates of flow across the boundary. 
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In many cases this requires some trial and error with rates 
until known heads are maintained along the boundary. Ponds 
and streams are easily modeled using the fully penetrating 
method with a storage factor which insures constant head. 
Prickett andLonrquist in their report suggest assign-
ing zero transmissivity values along a border to achieve 
no-flow conditions. Storage factors should not be set equal 
to zero inside or outside any desired boundary because this 
will result in a "zero divide check" error, with the computer 
terminating the simulation (14). 
When using a topographic divide as a no-flow boundary, 
the relationship shown in Figure 18. is assumed (6). At the 
highest elevation, one should encounter only vertical flow 
extablishing a divide between two different basins, hence 
the horizantal flow is zero. The problem with classifying 
such a boundary is that the possibility exists that either 
external forces or inherent geologic formations are shifting 
the divide. The water corning into the basin in this form 
is termed under-flow and is difficult to quantify. Where 
j 
under-flow is a factor, the modeler can include, on a trial 
and error basis, a recharge to those nodes which make up 






























































































In areas around Rhode Island there are localized 
areas of hummocky terrain, the result of glaciation. In 
most·cases the material causing these small hilly regions 
is till, which has a relatively low hydraulic conductivity 
(same conditions would exist if any low hydraulic conduc-
tivity material was making up the hilly areas). The low 
hydraulic conductivity results in increased surface runoff, 
with the collection of water on or near the surface in areas 
where the ground becomes more level; these representing 
potential swamp areas. 
In modeling such areas, the point where there should 
be a grade change with the water table sloping gently is 
usually lost. The modeler can attempt to make corrections 
through alterations in hydraulic conductivities, storage 
factor, or even recharge rates, but in most cases these 
corrections will not solve the problem. To maintain the 
integrity of the swamp, establishment of boundaries along 
the edge of the swamp in appropriate areas may be required. 
Surface runoff from surrounding relief can be entered as 
recharge along the new boundary, trial and error would be 
expected. This process can only be done when the swamp 
is close enough to the original basin boundaries to make it 
practical; internal swamp areas, of course, should not be 
modeled with this procedure. A very important consideration 
in using this type of boundary is to remember a swamp is 
being modeled and evapotranspiration losses must be included. 
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Without making such allowances for water loss, the swamp 
area will become flooded. Through the use of different 
combinations of conditions, a swamp area can be investi-
gated in depth. 
Aquifer Recharge/Discharge 
Recharge to the basin has already been identified 
to be in the form of precipitation, underflow or runoff 
from local relief. To enter a value for recharge using 
the Illinois State Water Survey (ISWS) basic program, the 
modeler enters the appropriate value on the default or node 
card (if different from general aquifer recharge) in the 
format which is stated in the basic program listing. 
Recharge has a negative sign convention. 
Discharge conversely has a positive sign convention, 
and can represent a discharge well, underflow out of the 
basin, or evapotranspiration. 
A discharge well (pumping well) is simple to model 
and is entered in gal/day for its pumping rate at the 
node closest to its actual location. There are no provisions 
in the basic program for partial penetration, screen length 
or well diameter, so that actual drawdowns at the pumping 
node are not computed,- but the effects away from the well 
are correctly given in the section on program verification. 
If underflow is to be included in the model simulation, 
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estimated values are entered on nodes along the boundary 
and altered (as necessary)until the desired match is 
achieved. This is a convenient method for estimating 
quantities of water leaving (or coming into) a basin where 
there are no direct means. 
·Evapotranspiration is not handled as other discharges 
from the study basin; it can not be simpiy entered as a 
single value in gal/day on the default or node card. The 
conditions and assumptions upon which the basic program 
has been modified to compensate for evapotranspiration 





Figure 19. Illust:ation of physical parameters considered 
by bas~c p~ograrn modified to includ~ evapo-
transpiration. (From Prickett and Lonnquist 
(2)) ••• - ' 
I 
In this aquifer cross section, water levels h .. 1,J 
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are near the land surface. The land surface elevations 
are specified by RH .. , and the elevations of the water 1,J 
table below which evapotranspiration ceases are defined 
by RD ... 1,J The rate of evapotranspiration Qet' for each 
node of the digital model is made a linear function of the 
difference between the elevation of the land surface and 
the elevation of the water table until the critical depth 
RD .. is reached and Qet ceases. The relationship is 1,J 
shown in Figure 20. 
a" .. "' o.x ------,r-----=-:.;:~-=.:..:.-- R H .. 
'·J 
Ge\ mo.:r: (h;~ - RD;'i·) 
{RH·· -RD··) I ,j ':) 
o.o --__;_----------RD·· 
I ,j 
Figure 20. Representation of linear variation of evapo-
transpiration rate. 
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When constant pumpage or recharge takes place at the 
same node where evapotranspiration occurs, it is summed 
algebraically with the evapotranspiration rate by the 
program. 
This approach allows the modeler to choose the method 
of determining Qet rate. For the purpose of the present 
study the Thornthwaite equation (19) is being used but 
others are available; R. L. Lowery and A. F. Johnson (12), 
.M.A. Kohler (12), Idso et. al. (4), and the Blaney-
Criddle equation (4). 
For simulation of evapotranspiration, beyond the 
other usual computer input data required in the basic 
program listing, values for RH .. , RD .. , and potential 
1,J 1,J 
Qt(' ')' must be included. The lines added to the e l,J 
basic program are shown in Appendix A. 
III. ASSIGNMENT OF PARAMETER VALUES FOR BASIN MODEL 
The background information used in the setup by 
Allen et al. of the aquifer model was compiled during the 
years 1958 and 1959. The model area is located within 
longitudes 71 34' 30'' and 71 31' 30'', and latitudes 
41 24' 30'' and 41 26' 30'' N. Set up as a square, the 
model area is sixty columns long (west-east) and fifty-
four rows wide (north-south) with node spacing of two hun-
dred feet, an area of about five square miles. The model 
is shown in Figure 21. 
The program requires the assignment of a set number 
of rows and columns but of course the actual basin boundar-
ies are not represented by a rectangle, and are irregular 
in many locations. In several places the topographic 
divide established by Allen et al. to delineate the Upper 
Pawcatuck River Basin was used. 
Boundaries 
As previously discussed, there are flow and no-flow 
boundaries. In Figure 21., the no-flow boundaries are 
represented by solid lines, constant head boundaries by 
dotted lines, and recharge boundaries by a dashed line. 
Area A in Figure 21. represents the boundary along the swamp 







Ooundnry of the Upper 
Pawoatuck River BaRln 
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Figure 21. Map of Model Area/Boundary Conditions. (Modi-
fied Allen et al., (2)) 
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quantities of recharge, trial and error was employed until 
under steady-state conditions, the heads reported by Allen 
et al. were achieved. 
Hydraulic Conductivity 
In the section on subsurface geology a description 
of the different deposits found in the basin was given, 
along with a range for hydraulic conductivities. It was 
decided that the approximate middle of each range should 
be chosen. There are some drastically changing values of 
hydraulic conductivity which are not very realistic. 
What in most cases is actually happening at these large 
changes in hydraulic conductivities is a fingering of less 
permeable material into higher. Some degree of gradation 
of values would be expected under such conditions, and 
there was also some question as to whether numerical pro-
blems would be caused by modeling such drastic changes. 
The results from a simple simulation of large changes in 
hydraulic conductivity between two different heads has 
been plotted and shown in Figure 22. Since the cross 
section view is not a smooth curve, but rather a series 
of straight lines connecting points of changing permeabil-
ities, when entering values for the basin model, some 
smoothing of the hydraulic conductivity changes was done. 
The values entered for hydraulic conductivities are shown 
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As previously stated, the basic program determines 
the saturated thickness as the difference between the 
groundwater table and bottom elevations. By ~uperimposing 
the finite difference grid, Figures 24. and 25. are obtained 
giving nodal values for initial heads in feet above mean 
sea level and saturated thicknesses in feet. 
Figures 24. and 25. were used for assigning values 
for water table heads and bottom elevations, after addir1g 
an arbitrary value so that bedrock elevations would be 
above mean sea level. The arbitrary elevation was one hun-
dred feet, so initial head and bottom elevations were cal-





( 5. ) 
H. 
l 
------ initial water table elevations in 
feet above datum (to be entered on 
default or node card) 
H ---- water table elevation in feet above msl mean sea level, from Figure 24. 
Bot= H, - St 
l 
Bot----- bottom elevation in feet above 
datum 
( 6 • ) 
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. 0 
Illustration of consideration required for 
the assignment of initial heads and bottom 
elevations. 
If heads are desired in terms of mean sea level, one hun-
dred must be subtracted from printed results. 
Transmissivity 
Since the water table program has the capability to 
calculate transmissivities, only initial head, bottom 
values, and hydraulic conductivities need be entered. The 
reverse is not true1 without assigned values for Kand 
bottom elevations, a zero value will be assigned for T. 
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Storage Factor 
A value for specific yield (Sy) must be estimated to 
determine the storage factor from Equation 4. The specific 
yields of unconfined aquifers are much higher than the stor-
age coefficients of confined aquifers. The usual range 
is 0.01 to 0.30 (7). The higher values reflect the fact 
tha~ releases from storage in unconfined aquifers represent 
an actual dewatering of the soil pores, whereas releases 
from storage in confined aquifers represent only the secon-
dary effects of water expansion and aquifer compaction 
caused by changes in the fluid pressure. Within the Mink 
Brook Basin (Upper Pawcatuck River Basin) the range of 
Sy is 0.10 for till and 0.30 for coarser outwash materials 
(2). A specific yield of 0.20 seems to be a realistic 
compromise of values to represent the basin. Using a spec-
ific,yield of 0.20 and for a nodal spacing of two hundred 
feet, the storage factor is 59,840. This quantity is entered 
for each node that does not represent a constant head where 
storage factors of 1.0 x 10 22 are assigned to assure no 
head changes. 
Initial Groundwater Levels 
Initial heads were interpolated from the water table 
map developed by Allen et al. The basin area showing 
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contours with the finite difference grid in Figure 24. 
represents the groundwater heads for August 23, 1959 (2). 
The contours were presented at five feet increments and in 
many cases were greater than two hundred feet apart (the 
nodal spacing), making interpolation necessary to determine 
the heads at many nodes. 
The modeler assigns values for initial heads but 
it warrants mentioning that only those nodes which 
represent constant heads or no-flow boundaries will remain 
the same during operation of the model. Only by knowing 
the initial heads of all nodes within the basin will the 
modeler be able to- compare the results of model perfor-
mance over a period of time for the purpose of model cali-
bration. Once the model is calibrated only ponds, streams, 
and boundaries need be identified with head values; all 
other head values inside the study area will reach their 
respective levels during simulation. 
Discharge/Recharge 
Precipitation is usually in terms of in/yr in the lit-
erature but the Illinois State Water Survey program requires 
a volume input and hence conversion to gal/day. This con-
version is accomplished by multiplying in/yr by the product 
of nodal spacing in feet squared and 0.0017. The hydro-
graph from both well and pond levels shown in Figures 7. 
and 8. have rises starting in the month of July that, when 
analyzed, showed groundwater recharge ranging bwtween 
1.92 and 5.28 in/yr. 
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For the purpose of model calibration, recharge rates 
within this range were assigned, along with larger rates 
to investigate basin response. 
'There exist within the basin both domestic and muni-
cipal discharge wells. Even if domestic wells constituted 
a significant withdrawal from the basin, it would be for 
personal use with the majority of the water returned through 
onsite disposal systems. 
The Wakefield Water Company is responsible for large 
withdrawals of groundwater for export out of the basin. 
During the period Allen and his group were doing their work, 
Wakefield Water Company was pumping 0.86 million gallons per 
day. Due to rapid development of southern Rhode Island, 
the Wakefield Water Company has not only increased withdrawal 
rates but has established a second well field. Both well 
field locations are shown on Figure 27. Rates of withdrawal 
have always been seasonal with increases during the summer 
because of the influx of vacationers into southern Rhode 
Island. In recent years, with the new well field, during 
the winter season when water requirements are reduced, the 
original well field is shut down. For purposes of model 
calibration, only the original well field with the 0.86 mgd 
rate was included. 
It has already been mentioned that entry of evapo-
• 
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Figure 27. Map of Mink I3rook Basin showing location 
of Wakefield Water Company's well fields. 
(From Allen et al., (2)) 
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transpiration losses is different from the entry of other 
forms of recharge/discharge. Values for surface elevations 
(RH .. ) , elevation at which evapotranspiration losses 
1,J 
cease (RDi,j), and maximum value for Et losses (Qet(i,j)), 
must be defined. 
Evapotranspiration losses are difficult to determine 
when they are less than the potential Et. For this reason, 
only swamp areas were included for Et analysis within the 
Mink Brook Basin, where losses can be assumed to equal or 
be close to potential Et values when water is near the 
ground surface. Within the Mink Brook Basin there exist 
two large swamp areas, both shown on Figure 28. It is not 
difficult in this case to determine surf~ce elevations since 
both swamp areas border the one hundred foot contour on 
the topographic map. 
The value for RD .. is not a set value and will vary 
1,J 
with vegetation, .soil type, and most importantly, avail-
ability of water. If the water is on or near the land sur-
face a large portion of the year, as it is with a swamp area, 
vegetation has no reason to develop set roots. Depths of 
root zones vary from about 0.5 m for shallow rooted crops 
such as certain grasses and vegetables, to 1 to 2 m for most 
field crops and several meters for small to medium trees 
' 
(some tree roots may go down 10 m or more) (4). 
While doing a walking survey of the wetland areas 
within the study basin, it was noted that no one type of 
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vegetation is predominant. There appears to be an even 
mixture of ground cover, small bushes, and a variety of 
size and type of tree. 
For this reason, RD .. was taken to equal an elevation 
1,J 
eight feet below the land surface. For a swamp this value 
may represent an extreme and will result in Et losses 
beyond a point where they have actually ceased, but in basin 
analysis it is safer to over design than be caught short, 
which in this case may mean an overdeveloped well field. 
For the determination of Qet' in this case potential 
Et, the Thornthwaite and Mather (1957) equation (1.) was 
used. Using a mean annual air temperature of S0°F (10°c), 
~nd a value of 50 for annual heat index, taken from tables 
presented by Thornthwaite and Mather, the potential Et is 
found to be 5.06 cm/mo or 23.9 in/yr (19). Again, for entry 
into the basic program this value must be converted and is 
found to equal 1632.6 gal/day for each node within the 
swamp area. 
IV. BASIC PROGRAM VERIFICATION 
To verify that program changes were correctly made 
a series of simple tests were performed with the program. 
Through the manipulation of nstep and delta on the 
parameter card the operator can run the simulation for 
a short or long period of time in either one or many time 
steps. With this ability the operator effectively can 
simulate transient or steady state conditions. 
Transient Solution 
The exploitation of a groundwater basin leads to 
water level declines that serve to limit yields. One of 
the primary goals of groundwater resource evaluation 
must therefore be the prediction of drawdowns in aquifers 
under proposed pumping schemes. Either the start up of 
a discharge/recharge well or a change of rate causes 
a relatively rapid change in drawdown within the radius 
of influence. These changes can be termed as transient 
and the computer simulation of a pumping test using the 
I~linois State Water Survey Program can be checked 
against the Theis solution. Theis in 1935 utilized an 
analogy to heat-flow theory to arrive at an analytical 
solution to Equation 7., developed by Jacob to describe 










The initial condition is 




h ------the constant initial hydraulic head 
0 
The boundary conditions assume no drawdown in 
hydraulic head at the infinite boundary: 
h (oo,t) = h 
0 
for all t 
and a constant pumping rate Q at the well: 
lim r r oh) = Q for t> 0 { 8. ) 
r+O l orJ 2nT 
The Theis equation developed to predict drawdowns 
for transient flow to a discharge well, written in terms 
of drawdown is: 
h
0 










The integral in Equation 9. is weil known in mathematics. 
It is called the exponential integral and tables of values 
are widely available. For the specific definition of u 
given by Equation 9., the integral is known as the well 
function, W(u). With this notation, Equation 9. becomes: 
h 
0 
- h.= Q W(u) 
4nT 
(11.) 
When- water is pumped from a confined aquifer, the 
pumpage creates hydraulic gradients toward the well and 
drawdowns in the potentiometric surface. The water 
produced from the well arises from two mechanisms: ex-
pansion of the water in the aquifer under reduced 
fluid pressures, and compaction of the aquifer under in-
creased effective stresses. There is no dewatering of 
the geologic system .. The flow system of a confined 
aquifer during pumping involves only horizontal grad-
ients toward the well; there are no vertical components 
of flow. When water is pumped from an unconfined aqui-
fer (water table conditions), on the other hand, the 
hydraulic gradients that are induced by the pumpage 
create a drawdown cone in the water table itself and 
there are vertical components of flow. The water pro-
duced by the well arises from the two mechanisms respon-
sible for confined delivery plus the actual dewatering 
of the unconfined aquifer. 
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There are basically three approaches considered 
applicable for predicting the growth of unconfined 
drawdown cones in time and space. The first, which 
might be termed the complete analysis, recognizes that 
the unconfined well hydraulics problem involves a sat-
urated-unsaturated flow system in which water table 
drawdowns are accompanied by changes in the unsaturated 
moisture contents above the water table. The complete 
analysis requires the solution of a boundary-value 
problem that includes both the saturated and unsaturated 
zones. An analytical solution for this complete case 
was presented by Kroszynski and Dagan in 1975and several 
numerical mathematical models have been prepared (Taylor 
and Luthinin 1969 1 Cooley1n 1971,Brutsaert et al. in 1971. 
The general conclusion of these studies is that the posi-
tion of the water table during pumpage ·is not substan-
tially affected by the nature of the unsaturated flow 
above the water table. In other words, while perhaps 
wanting to do the most complete analysis possible, it 
may not actually be practical, and since unsaturated 
soil properties are extremely difficult to measure in 
situ, the complete analysis is seldom used. 
The second approach, and perhaps the most widely 
used, is based on the concept of delayed water table 
response. This approach was pioneered by Boulton in 1954 
and has been significantly advanced by Neuman in 1972. 
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It has been observed that water-level drawdowns in piezo-
meters adjacent to pumping wells in unconfined aquifers 
tend to decline at a slower rate than that predicted by 
the Theis solution. Time drawdown curves even show three 
distinct segments to be present. During the first, a short 
period in~ediately following the start of pumping, the 
unconfined aquifer reacts in much the same manner as does 
a confined aquifer, and water is released instantaneously 
from storage b.Y the compaction of the aquifer and by the 
expansion of the water. During the second segment, the 
effects of gravity drainage are felt. There is a decrease 
in the slope of the time-drawdown curve relative to the 
Theis curve because the water delivered to the well by ·the 
dewatering that accompanies the falling water table is 
greater than that which would be delivered by an equal 
decline in a confined potentiometric surface. During the 
third segment, which occurs at a later time, time-drawdown 
data once again tend to conform to a Theis-type curve. 
The solution is involved and requires the definition of an 
empirical "delay index" that has not been clearly related 
to any physical phenomenon and now with added research 
has been shown not to be a real aquifer constant. Instead, 
it is related to the vertical components of flow that are 
induced in the flow system and is apparently a function 
of the distance rand perhaps time. 
A solution developed by Neuman produces the three 
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segments of the drawdown curve but does not require the 
definition of any empirical constants. Neuman's method 
recognizes the existance of vertical flow components and 
the general solution for the drawdown h -h, is a function 
0 
of both rand z. 
The third approach, which is by far the simplest, is 
to use the same equation as for a confined aquifer {equa-
tions 8. through 11.) but with the argument of the well 
function defined in terms of,the specific yield, Sy, rather 
than the storage coefficients. The transmissivity Tis 
defined by: T=Kb, where bis the initial saturated thick-
ness. Jacob.-in 1950 found with this approach that predicted 
drawdowns are very nearly correct as long as the drawdown 
is small in comparison with the saturated thickness. The 
method in effect relies on the Dupuit assumptions and fails. 
when vertical gradients become significant. 
The saturated thickness within the study basin ranges 
from zero to one hundred and ninety feet, with hydraulic 
conductivities from less than 1 to over 1000 gal/day-ft 2 . 
The p~mping wells are found in areas with higher trans-
missivity so for comparison of analytic and numeric solutions, 
initial transmissivities of 50,000, 70,000, and 90,000 
gal/day-ft were assigned. The study area is square, 45 rows 
by 45 columns, with grid spacing of 200 feet. The pumping 
well is centered at NR = 23 and NC= 23. Initial saturated 




The study area is a closed system surrounded by imper-
meable boundaries. Because of this, when solving with the 
analytic solution, consideration for drawdown due to image 
wells must be part of the analysis. 
Tables developed for u, W(u) and h
0
-h in terms of 
r (distance from discharge well) for the three different 
• values for initial T can be found in Appendix C. Also 
included in the Appendix is a sample calculation of equa-
tion 11., for at (time since pumping bega~ of 169.74 days. 
Through the use of equation 11., h -h was determined 
0 
for varying values of r, incremented at 200 feet, with 
correction made for dewatering using the following relation-
ship: 
S' = S + s2 
2b 
S' ----- observed drawdown (ft.} 
S ------ calculated drawdown (ft.} 
b ------ saturated thickness (ft.) 
(12.) 
Results from both the analytic and numeric solutions 
are presented in Table 1. To aid in the comparison of the 
two solutions, Figures 29., 30., and 31. are presented, 
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Distance from well (ft) 
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-- numeric solution 
- - - analytic solution 
10 0.0 2000.0 JOOO.O 4000.0 
Distance from well (ft) 
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- - - analytic solution 
7000.0 2000.0 J000.0 4000.0 
Distance from well (ft) 
Figure 31. Comparison of methods using T=90,000 gal/day-ft. 
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Whether viewing the results in tabular or graphic form, 
it can be seen that there is little variance between any of 
the method comparisons; the simulation with initial trans-
missivity equal to 50,000 gal/day-ft. is the best agreement, 
which is expected due to max dewatering with this case. 
As transmissivities decrease the drawdown around the well 
increases and correction for dewatering will become more 
critical. The greatest discrepancy is found in and around 
th~ discharge well, which is expected since the numeric 
solution is using the nodal spacing as well diameter and 
transmissivities are being recalculated at the end of each 
iteration. Prickett and Lonnquist found the same to be true 
while running comparison simulations, with deviations from 
theoretical as well node is approached, this difference 
being attributed to aquifer thinning (14). Agreement between 
solutions might be approved by decreasing nodal spacing so 
the numeric solution has an opportunity to consider nodes 
closer together with smaller changes. 
The investigation of a pumping well is usually only a 
part of the reason for modeling a drainage basin; a much 
larger picture is often desired with an extended period of 
time involved. When running a simulation for extended per-
iods of time, it may be desirable to view the system by 
allowing the model to reach steady-state. 
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Steady-State Conditions 
By definition, steady-state flow occurs when at any 
point in a flow field the magnitude and direction of the 
flow velocity are constant with time (6). Since Darcy's 
law defines velocity to equal the negative product of hy-
draulic gradient, steady-state would infer heads are no 
longer changing with time. 
In an unconfined aquifer, the fact that the water table 
is also the upper boundary of the region of flow complicates 
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dx ~ 
X 
Figure 32. Control volume for flow through a prism of 
an unconfined aquifer. (From Fetter, ( 6) ) 
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on the left side of the figure, the saturated flow 
region is h1 feet thick. On the right side it is h2 feet 
thick, which is h1-h 2 feet thinner than the left side. If 
there is no recharge or evaporation/evapotranspiration as 
the flow traverses the region, the quantity of water flow-
ing through the left side is equal to the right side. 
From Darcy's law it is obvious that since the cross-sectional 
area is smaller on the right side, the hydraulic gradient 
must be greater. Thus, the gradient of the water table 
im unconfined flow is not constant; it increases in the 
direction of flow. 
This problem was solved by Dupuit, and his assumptions 
are known as the Dupuit assumptions. These assumptions are 
that: (a) the hydraulic gradient is equal to the slope of 
the water table and (b) for small water table gradients, 
the streamlines are horizontal and the equipotential lines 
are vertical. 
where 
From Darcy's law; 









; at x=L, h=h 2 . Equation set up 
gration and with the boundary conditions becomes; 
L h2 




qx = -K h2 
2 
0 hl 
Substitution of boundary conditions for x and h: 







Rearranging above equation yields the Dupuit equation: 
q = -K h2 - h2 2 1 (17.) 
2 L 
If consider flow through a prism with a greater total 
head on the left face and using Dupuit assumption, no flow 
in the z direction, from Darcy's law, the total flow in the 
x-direction through the left face of the prism is: 
qxdy = -K hoh dy ( 18.) 
ox 
where dy is the width of the face of the prism. The dis-
charge through the right face is: 
q X + dy = -K hoh x + dx dy ( 19.) dx ox 
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The value of hoh at the two faces will be different 
ox 
with the change in the flow rate in the x-direction between 
the two faces given by: 
(q x + dx - q x)dy = -K o ox 
hoh 
rx 
dxdy ( 2 0.) 
Similarily, change in rate in they-direction can be 
given by: 
(q - q )dx = -K o y + dy y oy 
hoh 
oy 
dydx ( 21.) 
For steady flow, any change in flow through the prism 
must be equal to a gain or loss of water across the water 
table. This could be infiltration or evapotranspiration. 
The net addition or loss is at a rate of W, and the volume 
change within the initial volume is Wdxdy where dxdy is 
the area of the surface. If W represents evapotranspiration, 
it will have a negative value. As the change in flow is 
equal to the net addition; 
h oh) 
ox 
Simplifing equation 22.; 
-K (6 2 h 2 + o2 h 2) = 2W 
l ox2 oy2J 
h oh) dydx = Wdxdy 
oy J 
( 22.) 
( 2 3.) 
If flow is in only one direction and aligned in the 
x-axis, equation 23. becomes; 
( 2 4.) 
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Integrating; 
( 2 5.) 
By appling original boundary conditions: x=0, h=h 1; at 
x=L,h=h 2 , the constants of integration can be evaluated 
to give; 
h2 = h2 - h2 - h2 X + W (L - x)x ( 2 6.) 1 1 2 K L 
By integrating equation 26., and because qx = -Kb( 
dh/dx), it may be shown that the discharge per unit width, 
qx, at any section x distance from the origin is given by; 
q = K (h 2 - h 2 ) - W ( L - X) 
x ll 2J l 2 J 2L 
(2 7.) 
If the water table is subject to infiltration, there 
may be a water divide with a crest in the water table. In 
this case, q will be zero at the water divide. If dis 
X 
the distance from the origin to a water divide, then sub-
stituting q = 0 and x = d into equation 27., yields; 
X 




( 2 8.) 
Once the distance from the origin to the water divide 
has been found, then the elevation of the water table at 
the divide may be determined by substituting d for x in 
equation 26. 
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For purposes of comparison between an analytic and 
numeric solution, the following cases were used: 
1) hl = h2' at variable X 
2) hl t- h2, at variable X 
3) the use of two different finite difference computer 
programs 
' 4) simulation models run for varing time periods 
There are no provisions in the basic program to achieve 
steady-state on its own, it will go through successive 
iterations till convergence is reached, and go on to the 
next time step if so stipulated by delta and nstep. The 
modeler must run the same set of conditions for different 
periods of time and compare resulting heads, continuing 
the process till no change is observed indicating steady-
state. 
Table 2. shows the results from running a simulation 
with the following job set-up for various periods of time: 
50 2 K = gal/day-ft 
w = 40 in/yr 
2.x = 25 ft 
hl = h2 = 50 ft 
L = 1500 ft 
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time of hmax at change from 
simulation (dais) crest (ft) ,erevious L'lt (f t/da:[) 
100 51.45 
365 51.90 0.0017 
2000 52.12 0.000135 
5000 52.14 0.000006 
Table 2. Simulation run for various periods of time for 
steady-state investigation. 
In the investigation of cases 1 through 3, 4000 days 
will be used. There was actually little change after 2000 
days but the longer running time will assure a safe 
margin in assuming steady-state. 
A comparison of the analytic solution using the 
Dupuit equation and a numeric solution using two different 
computer programs are given in Tables 3. and 4. The 
first considers flow between two equal constant heads 
while the second analyzes flow between unequal constant 
heads. 
hmax (ft) % 
X (ft) L (ft) Anal:f:tic Numeric Difference Error 
25 1500 57.17 54.82 2.35 4.11 
20 1200 54.70 52.41 2.29 4.19 
15 900 52.69 so.so 2.19 4.16 
10 600 51.21 50.01 1.20 2.34 
5 300 50.31 50.00 
Table 3. Results from analytic and numeric methods ability 























































































































































































































































































Although there was some disagreement between methods 
of analysis, in no case was it significantly high. Both 
numeric solutions disagreed with the analytic; while the 
USGS program developed by Trescott (20) did have a smaller 
% error as compared to the ISWS program, it was not able 
to give a distinct water divide, but rather a plateau. 
Both solutions work by the same basic principles of 
groundwater flow, but there is more complexity involved in 
the numeric analysis with inherent internal errors which 
can not be avoided. The important thing realized here is 
that the ISWS program was ab~e to reach a point where heads 
remained in steady-state with a relatively small% error 
assuming the analytic solution as true. Also of particular 
notice was the ISWS program's ability to identify the loca-
tion of water table divides accurately. 
V. CALIBRATION 
The application of a simulation model for a particu-
lar aquifer can be thought of as a three step process: 
1) calibration, 2) verification, and 3) prediction. Cali-
bration involves operation of the model to match an estab-
lished set of head values; in this case, the water table 
contour map developed by Allen et al. for August 23, 1959. 
As previously stated, groundwater recharge analysis showed 
a range of 1.92 to 4.00 inches in the wells and 5.28 inches 
for Tucker Pond. 
For purposes of calibration, 2.5, 3.5, 5.0, 7.5, 10.0, 
and 15.0 in/yr were used as recharge rates, with Et losses 
included. To aid in illustrating the reasons for including 
Et losses, additional simulations have been made with 5.0, 
8.0, and 10.0 in/yr recharge without· provisions for Et 
losses. All simulations have been run to steady-state. 
Results are shown in Figures 33. through 41. 
In Figures 33., 34., 35., and 39., the dotted line 
represents the contours reported by Allen et al. The best 
fit is found in the simulation realizing 2.5 in/yr of re-
charge with Et losses included; this rate is in accordance 
with the groundwater recharge estimated from the hydro-
graphs. It is important to notice that heads in the swamp 
area south of the Alwife are reasonable in those simulations 
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Figure 33. Tucker Pond constant heads@ 195', streams in-
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Figure 37. Tucker Pond constant heads@ 195', streams 
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Figure 38. Tucker Pond constant heads@ 195', streams 
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Figure 40. Tucker Pond constant heads@ 195', streams 








I Dl~chRrge Well 





Figure 41. Tucker Pond constant heads@ 195', streams 
included, Et losses excluded, and 15.0 
in/yr recharge. 
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With even 5.0 in/yr, in the simulation not considering Et 
losses, significant heads are predicted in the Alwife swamp 
area and in the Mink Brook area near the headwaters. 
The subject of underflow was introduced in the sec-
tions on boundaries and recharge/discharge. It is quite 
noticeable that at the eastern edge of the basin, in simu-
lations including Et losses with recharge rates of 2.5, 
3.5, 5.0, and 7.5 in/yr, the 195 foot contour line splits 
out and reaches the boundary, unlike Allen's contour lines. 
The eastern border represents a topographic divide, 
and as indicated by this deviation of contour lines, there 
is inadequate recharge to satisfy the Tuckertown well site 
(pumping at 0.86 mgd). Other evidence is found in the 
revised topographic map of the area (1974); east of the 
boundary in question is a stream which is shown in brown, 
indicating a dry bed at the time of revision. 
The problem with underflow can be corrected by entering 
recharge along the border in question on a trial and error 
basis until contour lines follow the prescribed path. 
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As a check of model calibration a plot of base flow 
in the Chipuxet River Basin vs. the head in an observation 
well within the basin was prepared for the 1959 water 
year and is shown in Figure 41A. Well Sok 639, one of the 
wells used for development of hydrographs in an earlier 
section, was chosen for this exercise. Base flow ranged 
between 0.50 and 3.25 in/mo, so the 2.5 in/yr steady-state 
simulation was used for extracting a head value for the node 
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ing Well Sok 639 in 
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water year 
Figure 41A. Graphic illustration of base flow in Chipuxet 
River Basin vs. head values in well Sok 639. 
VI. INVESTIGATION OF BASIN DEVELOPMENT 
It has already been stated that due to increased 
development, the Wakefield Water·company has -been forced 
to both increase production and establish a second well 
field. At present, at the original well field located 
on Tuckertown Road, instead of the annual rate of 0.86 mgd 
which was being withdrawn in 1959, 1.71 mgd is being pumped 
during the period starting the first of June and ending 
the first of October. The new site on Holland Road has an 
annual withdrawal rate of 1.43 mgd. The location of both 
are shown on Figure 27. The Holland site is in close prox-
imity to the Mink Brook and may be either reducing flow 
or stopping it altogether. 
An analysis of induced flow is required to fully 
understand what effects a discharge well might have. 
Darcy's Law states: 
Q = -K dh A 
dl 
Rewritten for analysis within finite grid: 
( 2 9.} 
( 3 0.) 
KR ----Hydraulic conductivity of stream 
bed (gal/day.ft). 
At ----Total area around node (ft
2
} 
hh ----change in head from surrounding 
nodes (ft). 
m' ----Stream depth (ft}. 
- -93-
For Qin terms of mgd: 
Q = -K (400 ft) 2 6h (mgal ) 
R rriT 6 
10 gal 
assume m' = 1 ft 
Q = -KR 6h. 16 
From Bowers discussion of streams, the velocity of 
the stream has an indirect bearing upon seepage through its 
effect of settling of materials on the canal's bottom. 
Due to the nature of the Mink Brook with its low velocity, 
it would be expected that the bottom would be covered 
with fines. For purposes of infiltration analysis, a 
hydraulic conductivity of 0.1 gal/day.ft 2 is assumed. This 
value represents the middle of the range given for silt, 
loess, and the upper range for glacial till (7). 
Table 5 has been developed from the results of the 
simulation using 2.5 in/yr presented in the section on 
calibration, showing either gains (+) or losses (-) as the 
case may be, for each node representing the Mink Brook. 
In determining total stream flow, it is more accurate to 
ignore the last four nodes, as it is evident that they are 
influenced by the Tuckertown well field. If all gains 
and losses are summed algebraically, there is a net gain 
of ~5,000 gal/day. This gain represents only 3.88% of the 
withdrawal rate at th~ Holland site. This analysis shows 
what error would be made in modeling the Mink Brook with 
constant heads; it would be safe to assume that all flow 
-94-
Node 
Head Amount of 
Column Row Difference(ft.) Infiltration(m~d) 
20 17 a.so 0.0080 
21 17 0.47 0.0075 
22 16 0.55 0.0088 
23 17 0.20 0.0032 
24 17 0.17 0.0027 
25 18 -0.16 -0.0026 
25 19 -0.12 -0.0019 
26 20 0.11 0.0018 
27 20 -0.15 -0.0024 
28 20 -0.06 -0.0010 
29 20 -0.03 -0.0005 
30 20 0.00 0.0000 
30 21 -0.01 -0.0002 
31 21 0.03 0.0005 
32 20 0.03 0.0005 
33 20 0.14 0.0022 
33 19 0.04 0.0006 
34 20 0.07 0.0011 
35 21 0.08 0.0013 
36 21 0.14 0.0022 
37 21 0.24 0.0038 
38 22 -0.06 -0.0010 
39 23 0.00 0.0000 
39 24 0.04 0.0010 
40 24 0.04 0.0010 
40 25 0.07 0.0011 
41 25 0.04 0.0010 
42 26 0.14 0.0022 -
43 26 0.13 0.0021 
44 26 0.08 0.0013 
45 27 0.16 0.0026 
46 27 0.18 0.0029 
47 27 0.16 0.0026 
48 27 0.12 0.0019 
49 27 0.14 0.0022 
50 27 0.17 0.0027 
51 27 -0.23 -0.0037 
51 26 -0.35 -0.0056 
52 25 -0.34 -0.0054 
53 24 -0.75 -0.0120 
54 23 -2.25 -0.0360 
Table 5. Results from stream infiltration analysis. 
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in the Mink Brook would be diverted. The Alwife is also 
removed in several cases to be investigated, where Tucker 
Pond will not be modeled with constant heads and desired 
effects would be lost. The stream locations will be included 
in all presentations of results to show changes occurring 
in and around their locations. 
For purposes of calibration the streams were included 
because they were present on the maps being matched. From 
the analysis of stream infiltration, the flow was shown to 
be so slow that in drought years the streams would be ex-
pected to disappear. 
Streams and ponds were monitored from May/81 to May/82, 
a drought year. The loss of the Mink Brook can not be 
attributed to the drought alone due to the establishment of 
the Holland site, but the Alwife also disappeared and is 
quite a distance from any pumping well, so its disappear-
ance can be attributed to the drought. For this reason, 
simulations have been run without constant heads assigned 
to stream nodes using the 0.86 mgd rate for comparison 
to calibration simulations. Recharge rates of 5, 10, 15, 
20, and 25 in/yr were used with a 195 ft. elevation assigned 
to Tucker Pond nodes. All simulations were run as steady-
state with Et losses included. Results are shown in Figures 
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Figure 43. Tucker Pond constant heads@ 195', streams 
excluded, Et losses included, only tuckertown 
site(T) at 0.86 mgd, and 10.0 in/yr recharge. 
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Figure 44. Tucker Pond constant heads@ 195', streams 
excluded, Et losses included, only tuckertown 






I Dinoharge Well 





Fi~ure 45. Tucker Pond constant heads@ 195', streams 
excluded, Et losses included, only tuckertown 
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Figure 46. Tucker Pond constant heads@ 195', streams 
excluded, Et losses included, only tuckertown 
site(T) at o.86 mgd, and 25.0 in/yr recharge. 
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For the investigation of present rates, the following 
sets of conditions were simulated: 
A) Using elevations from Allen's report for assign-
ing constant head values to Wardens and Tucker 
Ponds, 190 and 195 ft., respectively. 
B) Assigning 190 ft. elevation to nodes representing 
Tucker Pond, still as constant heads. 
C) Assigning storage factor for Tucker Pond nodes 
using Sy= 1.0, not with constant head. 
D) Effectively ignoring the presence of Tucker Pond 
by assigning SF2 values calculated with Sy= .2. 
E) Running program for 200 days in a transient mode, 
using Sy= 1.0 for Tucker Pond nodes. 
Simulations A through D were run to steady state, and 
in all cases included considerations for Et losses. 
It was discovered with the first simulation that there 
was a problem with the hydraulic conductivity values re-
ported by Allen et al. Using reported numbers, it was not 
possible to withdraw the 1.43 mgd (not attempted at a 
single node but rather split between three nodes) at the 
Holland site. Based on testing since Allen et al reported 
it has been shown that a significant area of coarse material 
is present at the western end of the aquifer. Figure 47. 
shows the changes in K which have been made so the rates 
of withdrawal reported by Wakefield Water Company were 
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~ Hydraulic concluctivi ty 
Figure 47. Hydraulic Conductivity Changes around Holland 
Well Site. (Modified Allen et al. 1 ( 2)) 
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as Area II in Figure 2. has been extended west. 
The first runs using present rates at both the Holland 
and Tuckertown sites were made with Tucker Pond represented 
by constant heads at 195 feet with recharge rates of 10, 15, 
20, and 25 in/yr and are shown in Figures 48., 49., 50., 
and 51., respectively. Since this set of simulations and 
others to follow are run as steady state, the four month 
rate of 1.71 mgd at the Tuckertown site has been entered 
as a yearly rate of .56 mgd. 
To observe the effects of decreasing storage within 
the basin, simulations were run with Tucker Pond still 
with constant heads, but set at an elevation of 190 feet. 
The level of the small pond southwest of Tucker Pond was 
also changed from 209 to 202 feet. The effects of the 
changes in pond elevations became evident immediately. It 
was not possible to operate the model under these condi-
tions with only the 10 and 15 in/yr recharge rates. The 
drawdown reaches into areas of shallow saturated thickness 
with the aquifer going dry in areas, causing problems with 
convergence. This problem was not corrected with program 
modification because it was desirable to have an indication 
of such effects upon the aquifer. 
The problem encountered with pumping under certain 
conditions was not unexpected. Mr. Stan Knox, representing 
Wakefield Water Company, expressed their finding and beliefs 
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Figure 48. Tucker Pond constant heads·@ 195', streams 
excluded, Et losses included, present punp-
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Figure 49. Tucker Pond constant heads@ 195', streams 
excluded, Et losses included, present pump-
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Figure 50. Tucker Pond constant heads@ 195', streams 
excluded, Et losses included, pre~ent pump-
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Figure 51. Tucker Pond constant heads@ 195', streams 
excluded, Et losses included, present pump-
ing rates, and 25.0 in/yr recharge. 
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for the Mink Brook Basin. 
Figures 52. and 53. show the results with recharge 
of 20 and 25 in/yr, respectively. 
The last two sets of simulations to be run as steady-
state investigate the effects upon the water table contours 
which changes in storage factor for Tucker Pond nodes have. 
In Figures 54. and 55., the results from using Sy=l.O for 
Tucker Pond nodes are shown with 15 and 20 in/yr recharge, 
respectively. 
The last set shows the results from using a storage 
factor which has been determined using Sy=.2. This was the 
value decided upon to be used for all nodes not representing 
constant heads. In effect, Tucker Pond is being ignored 
and treated as other nodes within the study basin not repre-
senting bodies of water. Results are shown in Figures 56., 
57., and 58., using recharge rates of 15, 20, and 25 in/yr, 
respectively. 
Up to this point all simulations have been run as 
steady-state, but when investigating changes in an aquifer 
due to a discharge well the short term effects are also of 
concern. For design purposes a period of 180 days of pumping 
is commonly used (2); in the transient study of the Mink 
Brook Basin a delta and nstep have been chosen so the last 
time step would end with two hundred days. 
For purposes of running steady-state the actual four 





t Dl9cherge Well 





Figure 52. Tucker Pond constant heads@ 190', streams 
excluded, Et losses included, present pump-
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Figure 53. Tucker Pond constant heads@ 190', streams 
excluded, Et losses included, present pump-
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Figure 54. Tucker Pond nodes using Sy=l.O, streams ex-
cluded, Et losses included, present pumping 
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Figure 55. Tucker Pond nodes using Sy=l.O, streams ex-
cluded, Et losses included, present pumping 
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Figure 56. Tucker Pond nodes using Sy=0.2, streams ex-
cluded, Et losses included, present pumping 
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Figure 57. Tucker Pond nodes using Sy=0.2, streams ex-
cluded, Et losses included, present pumping 
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Figure 58. Tucker Pond nodes using Sy=0.2, streams ex-
cluded, Et losses included, present pumping 
rates, and 25.0 in/yr recharge. 
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converted to an annual rate of 0.56 mgd. Both of these 
rates were used in transient simulations so the effects of 
different rates could be viewed. Figures 59. through 63. 
show the results using recharge rates 10, 15, and 20 in/yr 
(no run was made with a recharge of 20 in/yr for the 0.56 
mgs pumping rate). 
The well fields owned by the Wakefield Water Company 
have a combined pumping capacity of 5.6 mgd; the Holland 
site being capable of withdrawing 3.3 mgd with the remaining 
2.3 mgd being supplied by the Tuckertown well field. When 
trying to run simulations using these rates, under no set 
of conditions (constant heads for Tucker Pond at a variety 
of elevations, large rates of recharge, or splitting rates 
among several nodes) were these rates possible. 
Since there appeared to be problems with present rates 
at two pumping sites, the next logical step was to identify 
a possible location for a third well field within the Mink 
Brook Aquifer. Wakefield Water Company indicated that in 
today's water supply market a producing well should be able 
to deliver 1 mgd, so this was the only rate considered in 
exploration. 
After considering Figures 2. and 25., the node iden-
tified by row thirty and column fifty was chosen. This node 
2 has.both a large hydraulic conductivity (500 gal/day.ft) 
and a sizable saturated thickness (110 feet) which will re-
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Figure 59. Simulation run transient, Tucker Pond nodes us-
ing Sy=l.O, streams excluded, Bt losses includ-
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Figure 60. Transient, Tucker Pond Sy=l.O, no streams, 
Et included, tuckertown site(T)@ 1.71 mgd, 
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Transient, Tucker Pond Sy=l.O, no streams, Et 
included, tuokertown site(T)@ 1.71 mgd, and 
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Figure 62. Transient, Tucker Pond Sy=l.O, no streams, Et 
included, tuckertown site(T)@ 0.56 mgd, and 
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Transient, Tucker Pond Sy=l.O, no streams, Et 
included, tuokertown site(T)@ O.S6 mgd, and 
15.0 in/yr recharge. 
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Also, nodes in the immediate area have high values of T. 
It was found that even with a recharge rate of 25 in/yr, 
there was a problem with the aquifer going dry, resulting 
in a failure to converge. This node is representative of 
an area of high transmissivity but_it is only 1550 feet 
from the Tuckertown site and is in an area realizing 
evapotranspiration losses. There is the possibility that 
one or possibly two lower yielding wells separated some 
distance might be possible in this area, but if a 1 mgd 
production well is what is expected, further development 
does not appear possible. 
VII. CONCLUSIONS 
Removing the streams as constant head boundaries was 
supported by the simulations using the 1959 pumping rate 
of 0.86 mgd. Simulations with 5 in/yr recharge, with and 
without the streams, yielded similar water tables with the 
only real variation being the deflection of the water table 
south of the headwater region of the Mink Brook. This is 
an area realizing Et losses and apparently relying upon 
the stream for water during low flow periods. All simula-
tions using the 0.86 rate showed water table contours 
trending east-west, with flow perpendicular to this direc-
tion, toward the Mink Brook. 
Each increment of 5 in/yr recharge had a significant 
effect on the water table contours. This is partly due to 
the removal of streams but is also due to the flooding 
potential within the Mink Brook Basin. This trend toward 
flooding is due to leveling at the posterior end of the 
Mink Brook and the predominance of lacustrine deposits in 
the western portion of the basin. From the hydrograph of 
Wordens Pond and personal observations, the level of Wor-
dens Pond fluctuates considerabl½ often ~howing significant 
rises (as much as eight inches) only a few days after a 
storm. Considering the results of simulations, differences 
I 
in size of the Mink Brook Basin compared to the Chipuxet 
which drains into wardens Pond, and the lacustrine deposits 
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which effectively separate the Mink Brook aquifer from 
Wordens Pond, it can be safely assumed that withdrawals 
from the Mink Brook aquifer have little, if any, effect 
upon Wordens Pond. Rather the reverse is true; when levels 
are high in Wordens Pond, water leaving the Mink Brook has 
no place to exit, resulting in increased groundwater recharge. 
One factor which was evident in all simulations, when 
included, was evapotranspiration. Even in cases with a 
recharge rate of 25 in/yr, the swamp area around the Alwife 
Brook retained its basic shape. The swamp area south of 
the Alwife is actually influenced by the inclusion of Et 
losses and the presence of the boundary along the swamp 
with underflow. 
The fact that the Mink Brook Basin is 30% swamp area 
helps to explain the importance of including evapotrans-
piration in simulations. With the ISWS program, the inclu-
sion of these losses is both simple and straightforward, 
and relative size should not be the only consideration. 
Evapotranspiration rates can be large and even a small area 
of swamp can affect ponds, streams, or a discharge well, 
and should be considered. 
It was also the purpose of this study to use the 
model for determination of effects from pumping upon ponds 
and streams within the basin. Effects upon streams have 
already been discussed to some degree in the section on 
basin investigation. From the infiltration analysis it 
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might have been safe to assume that with the Holland site 
~emoving 1.43 mgd, the Mink Brook would disappear. The 
simulations (regardless of storage or elevation of Tucker 
Pond) support this assumption; in every case the cone of 
depression developed around the Holland site includes 
many of the nodes representing the Mink Brook. The results· 
from simulations give more cause for concern over pumping 
and recharge rates than for the streams, since they do 
not represent large quantities of water which would have 
adverse effects upon the basin if no longer present. 
For investigating effects on Tucker Pond, both pond 
elevations and storage factors were changed. It was stated 
in the last section that several simulations were not 
possible, the greatest difficulty being encountered with 
constant heads for Tucker Pond at an elevation of 190 feet, 
with only the simulations with recharge rates of 20 and 
25 in/yr running to completion. This difficulty indicated 
a dependence upon storage which with Tucker Pond at a 
reduced level, was no longer available. 
The relationship with Tucker Pond becomes clearer 
when comparing the results from constant head at 195 feet, 
Sy= 1.0 and Sy= 0.2 with each realizing a recharge of 
15 in/yr. All three simulations were run to steady-state 
and resulted in the same set of contour lines. Tucker Pond 
is located within the region classified as till and mixed 
deposits and as such has been assigned a relatively low 
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hydraulic conductivity (60 gal/day.ft 2 ). The comparison 
shows that with adequate recharge, Tucker Pond is not 
affected by the Holland well field; without it, the level 
of Tucker Pond becomes a factor. So the relationship 
between the well field and Tucker Pond relies on both the 
pond elevation and recharge rate. The changes which occur 
with the 10 in/yr recharge rate must be viewed in the con-
stant head at 195 foot simulation. There is a large expan-
sion of the 190 foot contour line with the 195 foot line 
also being affected. ·This indicates that Tucker Pond can 
be influenced, but only during periods of low recharge. 
In the results shown in Figure 60. (as in all of the 
results) interference between the two well fields is evi-
dent. Cones of depression are established around each 
well but water table contours can be seen elongated around 
both well fields. 
If Tucker Pond was surrounded by material with higher 
hydraulic conductivity, simulations at lower recharge rates 
may have been possible. There appears to be a very fine 
balance at present between pond elevation, recharge rate, 
pumping rate and simulation failure (representing dewatering 
of areas in the aquifer). It is possible that the areas 
being dewatered are not very large, but in the 195 foot 
constant head simulation, the 190 foot contour line has 
included a large area of influence and can be assumed to be 
greater in the simulations which failed. 
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The last group of simulations shown were two tran-
sient cases, considering pumping at rates from the Tucker-
town'well field. The results were encouraging, since even 
with the increased rate, the model was able to be pumped 
for two hundred days with only 10 in/yr recharge. From 
the results of the 1.71 mgd simulations, influence is 
again shown to be in the direction of the Tuckertown 
well field. This explains the failure in placing a pro-
ducing well at node: row 30, column 50. The area is al-
ready being relied upon as a source of water, and is also 
losing water through evapotranspiration. 
This study was done to investigate the effects upon 
the Mink Brook Basin due to pumping at well fields owned 
by the Wakefield Water Company. The main points of concern 
were: the effects of evapotranspiration, effects upon the 
streams and ponds, and if further development was possible. 
The need to include Et was shown in the simulations 
~un for calibration. All the simulations run with the 
present rates at the Holland and Tuckertown well sites 
along with the infiltration analysis make it plain that 
the Mink Brook will only be present during periods of 
high recharge. 
The effects upon the only pond within the basin 
(Wordens Pond cannot be considered an intricate part of 
the Mink Brook Basin), Tucker Pond, are related to basin 
development. The simulations run with the developed model 
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under all the various conditions supported the contention 
of the Wakefield Water Company that they are close to or 
have already passed safe sustainable pumping rates. 
These findings suggest that any increases in annual with-
drawal rates be made through increases in the period of 
pumping at Tuckertown but at a rate less than 1.71 mgd. 
From the results of 10 in/yr transient simulation with 1.71 
mgd. it can be seen that the radius of influence is quite 
large with the 190 foot contour line reaching the eastern 
border. It can be expected that dewatering of the aquifer 
in ~any locations is possible now. 
This model showed a reasonable amount of accuracy in 
its calibration, and could be useful to the Wakefield Water 
Company. Through use of the model and careful monitoring 
of recharge rates, water levels, and streamflow data, a 
continuous transient simulation would be possible. 
With continuous running of the model, pumping rates 
could be varied to achieve the most efficient use of 
groundwater storage with any rate of recharge. It appears 
from the results of the simulations that there is already 
am equilibrium established between pumping rates and 
recharge, and stressful situations might be avoided through 
use of the model. 
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APPENDIX A 
FINITE DIFFERENCE EQUATIONS/BASIC PROGRAM LISTING 
Development of Finite Difference Equation 
The finite defference equations which the digital com-
puter use to dimulate transient flow in a saturated aquifer 
follow the law of conservation of mass and requires that 
the net rate of fluid mass flow into any elemental control 
volume be equal to the time rate of change of fluid mass 
storage within the element. We can introduce the equation 
of continuity to express this; 
- o(pVx) - o(pVy) - o(pVz)= o(pn) 
ox oy oz ot 
(31.} 
Terms on the right hand side can be expanded to give; 
-o(pVx} - o(pVy) - o(pVz) = 
ox oy oz 
nop + pon 
7t 7t 
( 3 2.) 
The first term on the right hand side of the last 
equation is the mass rate of water produced be an expansion 
of the water under a change in its density p. The second 
term is the mass rate of water produced by the compaction of 
the porous medium as reflected by the change in its poros-
• I 
1ty n. The first term is controlled by the compressibility 
of the fluid,B, and the second term by the compressibility 
of the aquifer a. 
It is known that the change in p and n are both pro-
duced by a change in hydraulic head h, and that the volume 
of water produced by the two mechanisms for a unit decline 
in head is Ss, the specfic storage defined by; 
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Ss = pg (a+ nB) ( 3 3.) 
The mass rate of water priduced (time rate of change 
of fluid mass storage) is Ss 6h/ot, so equation 32. becomes; 
-8(pVx) - 8(pVy) - 6(pVz) = pSs 6h (34.) 
ox oy oz ot 
By introducing Darcy's law and expanding the terms on the 
left-hand side by the chain-rule law results in; 
o r Kx oh 1 + 
8x l 6x J 
6 ( Ky oh 1 + o r Kz oh 1 = Ss 6h (35.) 
oy l oy J fi l fi J ot 
Because the terms of the form poVx/ox are much great-
er than those of the form Vxop/ox, those terms similar to 
the latter were eliminated from the previous equation. 
Equation 35. represents transient flow through a saturated 
anisotropic porous medium, if the medium is homogeneous 
and isotropic, equation 35. reduces to; 
o2h + o2h + o2h = 




This equation is known as the diffusion equation. For 
an aquifer of known thickness, b we have a different form 




s-----Specfic yield (Ssb) 
T-----Transmissivity (Kb) 
( 3 7. ) 
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These equations of flow for transient, saturated flow 
rest on the law of flow established by Darcy in 1958 on 
the clarification of the hydraulic potential by Hubbert in 
1940~ on the recognition of the concepts of aquifer elas-
ticity by Meinzer in 1923 and effective stress by 
Terzaghi in 1925 The classical development wa~ first 
put forward by Jacob in 1940 
The numerical solution to these equations can be 
obtained through finite-difference grid as illustrated 
in figure 64. can be superimposed on a plan view of the 
groundwater reservoir. 
node 
i-1, j) i+l, j) 
i, j+l) 
y 
Figure 64. Finite difference grid. 
The aquifer is thus divided into elemental volumes 
• of area ~x by ~y, with depth b. The differentials ~x 
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and dy are approximated by 6x and 6y. The size of 6x 
and 6y should be small in relation to the overall area 
of the model area, small enough to give proper definition 
of changes in basin parameters. The intersections of 
grid lines are called nodes and are referenced with a 
column (I) and row (J) designation. 
Flow rate terms shown in Figure 65. have arbitrary 
directions assigned. Flow rate terms o1 , o2 , o3 , and o4 
represent the node to node transfer rates. Q5 is the 
flow rate associated with the water taken into or re-
leased from storage per unit time increment 6t. Q re-n 
presents the withdrawl from or return of water to the 
node, to represent conditions such as pumping, leakage, 
induced infiltration and or the effects of evapotranspir-
ation. 
To maintain continuity at each node the following 
must be true; 
(38.) 
The total flow entering the nodal junction must be equal 
to the total flow leav~ng plus any changes in storage. 
In their determination of flow rates, Prickett and Lonn-
quist found that they had to make three considerations; 
first, it was necessary to determine what portion of the 
aquifer is represented by each individual term. Secondly, 
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(i, j) (i, j) 
t 
T. 






Figure 65. Vector volumes for flow rate terms. 
with a finite-difference derivation, although flow could 
concieviably go in any direction, they were restricted 
to the x and y directions. Finally, since time is incre-
mented, the solving of any equations represents the in-
stantaneous balance at the end of a set time step. 
Each individual node-to-node flow rate term for o1 , 
02 , Q3 , o4 as defined by Karplus, are shown in Figure 65. 
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The portion of the aquifer involved with each flow rate 
term is one half of a grid spacing on either side of the 
line between node points and is equal in length to the 
grid interval. All vector volumes of Figure 65, have 
a vertical dimension extending the full depth of the aqui-
fer~ b. 
By appropriate substitution into Darcy's law, the 
following rates o1 , o2 , o3 , and o4 become; 
where 
01 = T (h. 1 - h. . ) 6y/6x ( 3 9. ) i-1, j , 1 1-, j 1,J 
02 = T (h. - h. . ) 6y/6x ( 4 0.) i, j , 1 1, j 1 + 1, J 
03 = T. (h. - h. . ) 6x/6y ( 41.) 1, j , 2 1, j + 1 1, J 
04 = T. (h. - h. . 1) 6x/6y ( 4 2.) 1, j-1, 2 1, j 1, J-
T. j , -----the 2 the 
aquifer transmissivity within 
1, vector area between nodes i, j 
and i, j + 1. 
Ti, . 1-----aquifer transmissivity within the J, vector area between nodes i, j and 
i + 1, j . 
h .. --------calculated heads at the end of a 
1 ' J time increment measured from an 
arbitaty datum at node i, j. 
The vector area influenced by flow rate terms o5and 
Qn is illustrated in Figure 66. 
This area is centered around node junction i, j and 
an area of 6x6y. Prickett and Lonnquist expressed the 
rate at which water is taken into storage by; 
Qs = S 6x6y (h. . - h., . , )/6t 











h., .,----the calculated head at node i, j 
1 'J at end of the previous time incre-
ment t. 
t---------time increment elapsed since the 




'1x ~ I , ti ____ ----7 
I 
I I 
tiy I I I 
I { i . ; \ i l -
l.-t1x -.-1 I I 2 
I I 
I I 






Figure 66. Vector volume for flow rate terms o5 , 06 , and Q. n 
At this point there are no special values of source 
or sink to be assigned for On' but will be included in 




Qn = constant (44.) 
Substitution of equations 39. through 44. into equa-
, yields; 
-Q + T. l j I (h. 1 
h. . ) 6y/6x + T. (h. n 1-, 1 1-, J l, J l, j I 2 l, j+l 
- h. . ) 6x/6y = T. (h. hi+l, . ) 6y/6x + ]. I J 1, j I 1 1, j J 
T. 
j-1, 2 (h. j - h. • 1> 6x/6y + s 6x/6y {h. . 1, 1, 1, J- l,J 
-h., .,)/6t (45.) 
l , J . 
Dividing both sides of equation 45. by x y and re-
arranging terms results in; 
T. 1 (h. 1 h. . )/6x 
2 + T. {hi+ 1, j, j - j , j 1- ' 1 1-, 1, J l, 1 
-h. . )/6x 2 + T. {h. h. . ) /6y 2 + T. j , j+l - j-1, 1, J 1, 2 1, l. I J l, 
{h. J. _ 1 - hi, . ) = S {h. . - h. , . , ) / 6t - Q / 6x6y _1-',---"'-------=---'J"--- l , J l. 1 J n 
6y2 
{ 4 6.) 
If Q is equal to zero, the above equation represents n 
the finite defference form of the partal d±fferential 
equation governing the nonsteady-state, two-dimensional 
flow of ground water in an artesian, nonhomogeneous aqui-
fer. 
Since there is an equation of the same form as equa-
tion for every node of the digital model, a large set of 
2 
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simultaneous equations must be solved for the principle 
unknowns h. A modified form of the alternating dir-1, j. 
ection implicit method of Peaceman and Rachford, as dis-
cribed in the following discussion is used in the Illinois 
State Water Survey Basic Aquifer Simulation Program. 
The iterative alternating direction implicit method 
involves first, for a given time increment, reducing a 
large set of simultaneous equations down to a number of 
small sets. This is done by solving the node equations 
by Gauss elimination of an individual column of the model 
while all terms related to the nodes in adjacent columns 
are held constant. 
After all column equations have been processed column 
by column, attention is focused on solving the node equa-
tions again by Gauss elimination of an individual row 
while all terms related to adjacent rows are held constant. 
• Finally, after all equations have been solved row by row, 
an iteration has been completed. This process of equation 
solving first by columns then followed be rows is repeat-
ed until a set criteria is met to satisfy convergence, 
this completes the '.Calculations for the given time incre-
ment. The calculated heads are then used as initial 
conditions for the next time increment. 
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-_:.::::---~:£:2~~-ac~_U ~~~-~~~~,.bl'-u;-.- .. r;:;..:. --•- ~": :":~-:-:-;.;.--::r::-Tz-;-,;,;;.~.~. 
Hll,NJ•dOTll,NJ•~.01 
~~-~~ ~•-•• --~~J:.~~~-=-~"P:-r-••~:.:--=~:-·~:.=..~:-~4-.~ -~A..~~-~~~~H~-==-
c 
-_-_··;:-_E~~l~~~~tl--:_::_•~.:g-= .... -""cit .. r T"2-.:.;;.:~.-.. -.:.:.:·~--=--
oo 193 l•l,NC. 
-~-~--= ~~~-•~-~~l -,!_~~~-~~.,.~~-.+}~•~~~~~'-}!""~:-: 
··•··• --··----·· ··•·~-- ... 
~ 0 • ♦-- -- tirttt 
··---~-- "\"" -- --· ,._ ·: ---·--............ --...... __________ _ 
I ' 
-148-
lUO H I , JI I., HI l .. 1,. J 1-sot. ( l • hJ I U. 
_L_!)--~-!.':J J!.~~...;~_t!-t:!!.1!;,:!~~41 s,J71~~~~~~_!t,il_!~~-- ~--£ ~;_;;_~·:;.::::: .;._ --·· ........ 
l llOT 11, J' I• ( 11U ,.J ♦ 11 -1\0T ( l .J + :.J J) 
C Roi.: C4LCUt.U ,c~ ... 
00 300 JJ.::al, NR. 
•;~---- ........ .-----· ·-· ......... . 
znh< • rt _, ..,y,;, ,,. . ..JL:...-1.......,_.. ... 
IF (MUDU SH'.P•lTER.21.EQ.U ~NR-J+l 
• -00 ltU}. l•h,.H(.,. -:--·•-· .. .......-.;_._..,. -• ·-~•-·~ ... ·::,;-.,:·r-:-: _x . .;: · ;;t;"~ ,..;- ·z · 
66•Sf21!~JI/OELTA 
~- __ .~_:f' ~ .J.: 1 .-!-~ --e;:-; 2 :::W:tXil:.. ;:,,:,,zr:. -"F"" -r.~· :-;:--:.-:-::-:7JC-;;~:~--
l.)o.-oo+ tt, 1 ,J-U •r I L • .J.-L ,l l- --- . 
2_1.~~~~-~~"~-~,~-:P-,:..%/R-tS'Jt :.>r.:=:~-.~.;;; /_:::.,.:·""'·~-r_•;,,o~:::.=.L.-_ 
220 00:sDO+Hll,Jtll•Tll • .L,U ..... . 
- ----· -~BB•-TU . ..J,.l.). ~--•··.~-•::t::···~-~---'"'7!..,. ____ ~ ____ , ---· u ™'Q_ .... ...,..__..,, ...--
.... .-...._ .._________ ... ·---~--- .............. ~ ....  ........ . _ ·---•-' .......__ __ ........_,_......._ _____ ,...,_._..--,.,_ 
230 lFl1-Ll240,Z50,Z~O .. 
~-~~:~~z_~ ~! !:.:~'!~!.~~~•:z.~-•• i, • •-:...::.~ .. -: ~--- ;••:M- •:.;.,~-:-;•rz::: .. : .•• ••-•• 
t.4-=-Tll-l,J.Zl 
·-25'J, ... -lf(l~IU>.W}l)-,...ll .. = w•-;,;;.-.•,-·_..- •• ·:-~....-:··--· ------~.·- .. - .. ,.-----
'----·~--- .. ......,:---...~~ - • ~......,..__ .... .,.___ ............................. ,... .. .. . .....a..;.._,_.___._.-..,. 
260 ua~u11+r11,J,.ZL 
2 70 1FII-LJ272,27L,Z72 ... 
GO TO 273 
( 




2 73 IU U •CCII• 
:_·:_ -.:~ --=-~-~,-~~,~~.1a...!~~!:.:::z.:x-,..; :---.!,·rn...:;;.;:~'."" - - ·:;;·_ -==r.~.::::.:..-..... ---
21a ~lllaOO/~ 
~- -'~ ~~-·--.-... ~ ...... ·.·-~ .:..:.2r.._..7__Z~··~.:::?:~~~--.:~~:._~~~~~ _:.._ :.-~::;,;_-: 
279 Glll•l0D-4A•Gll-1))/W 
~-,280, •••• c.{:~Wi.:-~=---·• ........ --~ -:-:::· "='!: •. ·--.,,.:___ _____ ....__._◄♦ :.!;~#~.--«Aw ~ Z:•- 6 MMt 
C 
~-,.;~~~l~~E.~_-, fl:_;::!!:';,-.:.).-; . .;·;-
C 
........ ~;- :.:. . . - .. ,.,.·---i .. ':c..,---..... • . ,_-_. ,. .... _.__,-; .. : ___ _ 
··--:-.: ::. ~-~~:.-~- ::.:::"'." -,~ ·~-~~-~ _:_:::._ l..-~ ;:Jg:,--·;,.;,~:_~-,;~--:-.:.....:. 
290. HA=~lNI-BlNl•H,N+ltJl 
____ ...... -.~~~~~~ . .a: iia ~;:;·~-=-~;,: •·.z--,;;. -:;. ~z:,-.--;· ~ ~ 
H l N, JJ :sH ~ .. . .. - _ . .. .. . . .. . . 
IF lN..G-T.ul GD- I:l 29\J .... 
-·,..- 00--3U0-0.--1-•N~ •• ---·~ ----,.-·• ,- ,_ __ .,... 
_.;_ __ .:.::__~~~1.~~llN .. ~~~~J.:_W.~~.:1-..::...::.;:. .. · ;,:. --~.;.::-:;;;-,;.,;·. ,. I ,c ~-------
H(N.Jl =80TlN.Jl +O.uL 
:..:!~~~ ~~!..:..:::-::-:.::.:.._--rz:=z:.~-::;c;; ·::a ::... .:-:--~:.::r-:rr ~ ::_-.,1:~;: -;.;,---.•·"7. 
C 
C 
-~:._--:_·_ :...~ ~~~~ !!.!:~~~.( l ~~•E-~-::;r-~~ ,&n· --. ;;t.;.--;;::.::.:: -;,:;--:;:;::;-:·.:z:!°·:.::::.;::~_: .... -~~-:-::. 
500 f l.lR/ot4T (ljX,bH lTER•, 15,711 Ef'.ROR•tf ll.5 l 
~--~:.;.:;:!f_'-~~~~~~~::...~ ~--=-- ··Z¥"'".;;:: ::.:..:...~. - ::.·. ··:.:-..:.::.. =~·-:-·= ,_:-.:;:;.;:.;.,__ __ :.;.:.: 
WRITElbt305i !STtP 
305.---FCUV4A>HNI-AI-/-.U,..3~~.:.4~ g•- UMc,. !>l-EPS..C.C,'-IPLE.JE'1.1-2C.,J J.~-~-:- '. ---· 
••• -· .... -· •• \.,, ... _ •• ..... .. • ....._. ...... -~--- .. -· • • ·---·---·--• .. #••·-- ----- --~- -----· --~-----
-·- .. ..,._._,, .... 4 .. .-t:a : ~ 
f 
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•• ------------······ ·--- ---- -- -··--··-
WRlTE(&,3101 TIME,E,ITER 
- -310- - f-0101 loT-A,l X..lut+U .. ~ ..S-4oO,MiE-··Pl,U4t&.l,N(.,.-i,T 4 tT '°-•• Pl-2.:>.2, <wl • • 04 YSr • ~:·· •• -- • 
·-··-. _ _.,._. --- - .. "-··-- ....... -.-..... ~-J~----- ............... - ~...... ---·-·- - --· ·- ·-- ·- -- ~- ......... -
l//,1X,30H~~ROM IN TH1S TlMc STEP•••••••tE20.7,//,1X, 
,- ~ •·•Z:wHNt.H4~--l.tJ:.ll.U.l-~.S,,...(QHPI.E1·:iD,...~'-h • • • -~-- • ··- • -~- -~ ·- -- ·•·. •· •••• 
~--. --------- .... -4. ---- _......___ -~--~~ :_......,___ ..... __.__.... .............. ~. ~ ··--- .... ___...,__ ,. __ ............... _-............ ......... _. 
wRITE(6,3lZ~ QC1>~361. 
··•·3lr .. P.·ORl+.w: UH ,l-0-.X.,~~~~- .ai'liM.~~GE.••••~1..Q). •• • ~·--- 4 -~------ ~ ... -- ~-~':!-~-~-~~-!C~-::-~ ....... -- ..  ... ~- ..... -- ..............,__.____.........___ .. _  __  • _____  
wRITElo,3141 0,49,371 
:.::-.~!~-~ ~~-~~M_T f~~- ~ '°".!l!_~.!,. ~~~•·• -.-i-<i. ~:...:z _ - . :-➔-::::=:._ =._ 
WRITEC&,3151 Q(S&pl•~-
~ ,1s~_toR!.fti '!.t'~~H~i4~1o\ll., ~iu,~EA:f◄Ow~~-~i.o• ;.· ;,,-• ·.:.·;;., ; ·-- -
WRlTElo,3161 Ql34-,2&~ 
~~~~~-~~~~~Ol,L~.;,, ~~!~~~.,.::-~~,..:-;--:J;..·-:-·---.:~--- • 
DEL T A•DEL T A•lel 
::_:~ • ..:_-~_~IN~-~;:-..;_-~"'~;: -#!%- .a;:; ·:t•«-- • -:~-cg:r· ,-;~.~- ~-~.:._:-,·7--•r;;_-~-z.-.:~ 
wRl TElo,355 .. 
:~~~~!!...~.E~/'.!''f'Jt:l.·;;:w:;, ... ,n•:s;.-7+r!""';;~·-.;r-::--:·-;,~.:;;-,.,..,:.::r~. 
NRaJO 
NC.al 0 
r-· • •• • •••• i.AI TE,u,.122..1..1 •. n .. u ........... ~u-----~ ::· . .,._ --- -- --~,:,-, -- -, ,_y.,...--··· -
__ ,.. ___ - ---·- ··--------·-- _.__..-.._,__ ___ ......,____._ __ ~• ..... , ..........,_....__._____~-- --· 
321 CONTINUE 
:..::.~ ....:~E~ !_2~:.":~~-·,,;.:; __ ~'-:l:.:_,:·- ~-·~:~~,; 1 .~- """;..;.-..-~. ::::..::..::..""?.;.·:.,::.:-_~~....:~~: 
NC.a20 
r -••• .., ... ----ml-fE-t&....Z..--~~IH-l,l.,.J-1,.p.l•llt-N'-J-- ___ . - _ .......... ·-7;,i,~-~:"""-_- · ---·· • - •· - • ···,·- ---- · 
_ ... _._.,...,,,. - ,l,,1>,•----· ___ ........__..,_. __ .. ~---.,.,., - ...Ji...... __ .._. ................ ~ .. -•.-lo•------···------· 
:.....:_~·~::-.,.~T_!r~ _ _:_;.:::::..:-:~,;;a;:-",E"";;;;;· • ....:..::;·,·;.;;•..-r..,~.•:;, 
, DO 324 -P'l ,i~A-· · 
.. .,,. . ..... ~;.· .. .-- ---·· ~--, _,.,, ___.,__ -- _...__....,_.,__.,. __  --·· 
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-·---tr""---- - -....----· • -··· ........... . ................. ___ _ 
~-3~...::~~-~~--:.~ -;.:;, T2'.-f:-~,?,;,:,~;··-;-;··-~-:-,.,;7 :.:.:·. 
DO 32.7 J-11,.UI~-
DO 32a J.:sl,NR 
w~ITtl6,322JJ,lHU.,J.J_.,J.:.5l,N.U.- .... 
~.:--~--~~-~~=:.:z:.:.:·· ,JIC.tlt,...-snrr::t~;"7_~~ -~1:....::-~-~·,....·~·=:-:.-.... -i-- ;~ ~--
DO JZ6 J.al, NR .. 
irlRITElb,35blJ..lHllaJl ,.l 2 6l.1NC.J .. 
:::_~_:_~-~ C~A tr.~'-~► 4 -e,, ZA' Stam ,;;,1·?C:--;;· .... ?""-;--;r;;.·. ~~-~- ---~:·-.::.. 
326 C.ONTlNUE 
DO 361 Js25,NR 
.... : ___ _.NC~·~·.,.. .. ~!"':·-.~~----;;;_.~-·-·-•, - :-·--""- ... ~.- ........ 
··--- -- , _ _.._ ··-"'----_._ • ~ .,~ .. - f ... tr t ttr ·~-~.. •• ~ ......... --------
wR 1 r c I b ,32 ;! 1 J. t II l 1 , JJ , l• l, NC 1 
DO 363 J-125.,1\R. 
wRI TEl6 ,322.1 J, Jiil l,J 1 . .l•ll ,NC.L ... 
,--lc.3 .. --CJNt.l NUE ··-~-r·..,,,.. -T....,..·-,•·~ ..- ~.,..,_-:--.--·.- ~.• .•. __ ,.,... ... :..;,;:,:.:r• , . ..,.,_. .. _....... 
a..-=.-- ----- --· ~.......___. __ .- .... ~,---...... '"" ..... )'h,\ ,.a.;,;~ •. ~•--·-------- ... ~ ···••◄• ~ 





lolRl TE ( 6 ,3221 J, 111 I l ,J 1, l•Jl.NtJ 
::--.. :.~~~:=~--~~~1--~~::.. .:...· =r.:.::z:· ~--#%L. !~=.=,..~-=-~-:-:-.:.:,: -~:--.::~·_ .. :-..:..:::.::?. =~~~:-
Do 367 J=25 ,NR 
.2 6!..:;:;;5~~~: :-.. :-:-.,;,,~.;.·aa~:.::.sr _ ~-......:· ;:;-.:-L.-,~:x::.-·.;;z-:.:.·.::::t.:-_ 
DO 368 Js25, NR.-
~~---·:;.---'QNf--.HµE ~-;""rl, ;i.SWM&Wd J; '-=•·?.t;Sr";:•0~~..:.~:-~'--"'!;,:•·••; ... :,;.-:z-- __ .. ·;-•+c-:-~,~-~~: 
DO 3bb J2:ZS ,NR 
==-3~-;):~!.~~~-=-·• .,. ;;··:""""'•"z:·-:~-. -...,: .._ 'l" 
STOP 
//i;C.SYSlN OD • 
··--···----·~~- .. 
~-----·-··-· - • +i:::#t --·· 
·-•·- -....--~···· ____ , _  ...______ ....._,,. __ 
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,.. .. 
PROGRAM CHANGES TO INCLUDE 
EVAPOTRANSPIRATION LOSSES 
C «<CV~POTIUNSPIR-41 IGN~l~Ql.)),) .. 
r:::=~:_-_~-~ e ~! ~~!.~~~!".~ :~' ~:~··-;;;·--;-:::.··-··- ·- :-:.._-::;,;.,,;:-··;-;,; • ~;_- -=~--
IF lH'1 .. J1. u. RoU-..J l1 GC TO 81--
l:X'"' =--~ ~'""' ,-,u 11 ±! ~"'""4 H ':~ ~~HU.QI ~-j:::; .;.MC iaiitt--.: a; ;;.. ·:::.;.,~ ., .. x·;· • 
uCJ:sHOl l •J J •Sf2U .JJJ LJlU ~-.(:,4 l • .JJ-SUU.J I ... 
t.=_ ·:i:.: ~~~-{~-!!.!....CUi~ A.:;r.--_~ ,,_-__ -:.- .;.·J;ct::'!'··-:-- j.:.4~--- -,,:· ;. ,a, ;,.-- 4 -
Gu TO 82 
. . . . . .. . --~ . . ' 
r:: ..a!: -:-~~~=~~~~J'.!.,~•.U,:~•.$;- :.;.;~ • ..--~-w;,;• •~,,; ;~• ,.;;,,•~•I 
6B=SF2ll.-Jl/Dlll4. _ ----·· -··-··· 
------------------·· ... ···•· 
C -RU, JI----EVAPDill 4NiP JR.\T JUN f'4ClORH.4L/04Y/FT I 
r;:~ ; • ~l_l_!.:!.:__...:cu~ U .l~,,,.,;,-Of.-l:4Ntl. f-!:.,~~~.;"~4N:~U =-·.( ~~~··;;. - -~.: • ~ _ 
C RO(J ,JI------EUV4TION &CU- WHICH EVAPOlRANSPlUTIOI~ LOSSES CE45ElfTI 
C 
L:.:--.. ~1-~~l ~!~~!!~l_•;Hi'~!!~:e.!..~~~~~~~~~~~:;;,- -;:·· ~-~ .. _ 
01 ME NS ION 6 I 7ul • GI 10 le 0LUOe-lO 1-. PER/4 I 70, 70, 2 le 80H 10,101 
,-..-!., • D I .JtE-lll SJ Ottl R.4-7D •-~~J .. ~.J-U..70 J~ • .Jl.,U.:J Oe 1 ~ J .-_:z!~,l=·'-..,_~ -i-lH-_ ,. :z1·: ··.:-= . .;·• ;-_ -
~ ·-·-•- ...... .,,.__ ~ ·-----·· . - ... ~ i~~-~~ .... --- ....... ·- ...... ___ ..__......_.. . ~ _ .. __ ...,_'---_....., ___ ~. 
, C 
____ ............ ~--,--- -- a a- ·F+19t,-;ll£'TeS5\'.f:&¥%s3i£i, ,:.,,,~ 
C 
t::C :_--~ ~ ~--c~ ~~~~PJ'1.-4\ T '"!!~~!» K7 -;----;; 1 .r·r-,;g::.:,. ·t,"';-,r;· ·,;;;- -. ..,, -
C 
--, ---
r:_;_;_: =--'""!-~ ..!.~~--~~7:'"".:· ~-,r-., --~~~~~.-:::%.:-..:..... ::.-· --:-., --=~._-. :. .... ~--
RE 41H 5 .a0Jl J• J ,R 1J .J J el-H&-leJlel(O( 1,J J 
~00- -F..Dlt. M.U 12..X:.~~4.~~ -::::::,.._,,..,.:"'."_,__. .. _.,_ _ ___. .. ·-r.·-·•·.:•z--:--,- •• ··•- - :·· .... • 
i-..:=-___ ...._ -. .... -. ------ . ..-... ~~ Ofat rlN ~~.,___,,.__....,_..-......,..__._,_Nb tt ._..._ .,.·;l, ♦ • 
7t;;q CONT I r,ue 
APPENDIX B 
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895, Sok 896, Sok 905, ~ok 906, Sok 907, 







































































































































- ., - - 141•11·,1·, 11•u·,1•1 
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l)oy , ... , .... -· .... ...., ,_ '"" .... ..... Ool, -· Doct. I ·-·-· . 0.01 .... 0.00 0.07 o ... •. oo 0.00 I.SI I.ti I.II .... 0.00 
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H--•·••••-•- .oc .00 ... .n . .. .H ,II :oo ,00 .00 ... .00 
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years 1957 and 
data for Station ~~Worden~ 
1958. (From Allen et a·l., 
( 2) ) 
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precipitation data for Station 
year 1959. {From Allen et al., 
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Table 8. Gage heights,. in feet above gage zero 
(From Allen et al., ( 2) ) 
Date Wordens Pond Tucker Pond 
1958 
Jan. 8, 9 2.32 1.05 
22, 23 2.50 1.21 
Feb. 4, 5 2.39 1.14 
19, 20 2.10 0.95 
Mar. 5, 6 2.70 1.40 
18, 19 2.65 1.31 
Ap~. 2, 3 2.55 1.37 
16, 17 2.73 1.48 
29, 30 2.73 1.55 
May 14, 15 2.70 1.52 
28,29 2.56 1.39 
June 11, 12 2.17 1.34 
25, 26 1.98 1.16 
July 9, 10 2.17 1.26 
23, 24 1.82 1.07 
Aug. 6, 7 1.53 1.06 
20, 21 1.28 0.96 
Sept. 3 I 4 1.94 1.16 
17, 18 1.76 1.06 
Oct. 1, 2 2.26 1.22 
15, 16 2.01 1.04 
29, 30 2.21 1.17 
Nov. 12, 13 2.23 1.15 
26, 28 2.10 1.05 
Dec. 10, 11 2.22 1.40 
22, 24 2.15 1.06 
1959 
Jan. 7, 8 2.33 1.25 
21, 22 2.32 1.23 
Feb. 4, 5 2.28 1.21 
18, 19 2.56 1.48 
Mar. 4, 5 2.77 1.63 
18, 19. 2.75 1.62 
Apr. 1, 2 2.61 1.48 
15, 16 2.51 1.39 
29, 30 2.45 1.36 
May 13, 14 2.27 1.26 
27, 28 2.02 1.11 
June 10, 11 1.93 1.06 
24, 25 2.33 1.22 
July 8, 9 1.73 1.01 
22, 23 2.17 1.23 






Aug. 19, 20 
1.48 
0.98 
sept. 2, 3 
1.40 
0.97 
16, 17 1.os 
o.77 
30, Oct. 1 0.66 
0.66 
Oct. 14, 15 
0.95 
o.71 
28, 29 1.15 
0.81 
Nov. 10, 12, 13 
1.32 
0.82 
25, 27 1.62 
0.96 
Dec. 9, 10 
1.85 
1.03 
21, 22 2.13 
1.10 
Table 8. cont. 
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Table 9. Water levels in feet above mean sea level for 
Sok 639, Sok 749, and Sok 509 for years 1958 
and 1959. (From Allen et al., ( 2) ) 
'\ 
Date Sok 639 Sok 749 Sok 509 
1958 
Jan. 8, 9 93.21 93.91 95.05 
22, 23 94.34 93.73 95.93 
Feb. 4, 5 94.81 94.74 96.40 
19, 20 94.28 94.43 96.28 
Mar. 5, 6 94.28 94.91 96.61 
18, 19 94.50 94.95 96.31 
Apr. 2, 3 95.51 95.42 97.74 
16, 17 96.33 95.88 98.73 
29, 30 95.44 95.74 98.56 
May 14, 15 95.49 95.56 98.95 
28, 29 94.85 95.19 98.76 
June 11, 12 94.30 94.85 98.54 
25, 26 93.80 94.42 98.36 
July 9, 10 93.40 94.22 98.28 
23, 24 93.05 93.86 98.08 
Aug. 6, 7 92.81 93.60 97.92 
20, 21 92.54 93.36 97.72 
Sept. 3, 4 92.65 93.59 98.07 
17, 18 92.69 93.36 97.71 
Oct. 1, 2 92.88 93.81 97.97 
15, 16 93.25 93.75 97.83 
29, 30 93.20 93.89 97.87 
Nov. 12, 13 93.34 93.92 97.71 
26, 28 93.28 93.77 97.53 
Dec. 10, 11 93.43 94.01 97.66 
22, 24 93.43 93.93 97.46 
1959 
Jan. 7, 8 93.40 93.95 97.41 
21, 22 93.25 93.89 97.28 
Feb. 4, 5 93.12 93.81 97.05 
18, 19 93.56 94.30 97.31 
Mar. 4 I 5 93.72 94.62 97.47 
18, 19 94.54 94.93 97.94 
Apr. 1, 2 94.68 95.04 98.19 
15, 16 94.73 95.07 98.40 
29, 30 94.29 94.83 98.15 
May 13, 14 93.95 94.60 97.96 
27, 28 93.58 94.23 97.71 
June 10, 11 93.25 93.94 97.51 
24, 25 93.15 93.95 97.66 
July 8, 9 93.09 93.71 97.47 
22, 23 93.44 94.19 98.06 
Date Sok 639 Sok 749 Sok 509 
Aug. 5, 6 93.20 93.83 
97.71 
19, 20 92.94 93.57 97.43 
Sept. 2, 3 92.65 93.38 97.17 
16, 17 93.06 96.91 
30, 1 92.82 96.61 
Oct. 14, 15 92.71 96.38 
28, 29 92.86 96.32 
Nov. 10, 12 92.86 
96.26 
25, 27 93.14 96.23 
Dec. 9, 10 92.58 93.47 96.49 
21, 22 93.31 93.94 
96.85 
Table 9. cont. 
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Drawdowns corrected for dewatering 
Distance (h 0 - h) 
in feet for t=l69.74 days 
from well (ft) T=S0,000 T=70,000 T=90,000 
200 9.45 7.11 5.70 
400 -7 .10 5.44 4.45 
600 5.87 4.54 3.71 
800 4.88 3.84 3.26 
1000 4.17 3.35 2.83 
1200 3.61 2.94 2.51 
1400 3.14 2.61 2.23 
1600 2.79 2.31 2.01 
1800 2.51 2.06 1.82 
2000 2.18 1.90 1.70 
2200 1.89 1.72 1.52 
2400 1.69 1.52 1.39 
2600 1.47 1.34 1.26 
2800 1.30 1.22 1.12 
3000 1.13 1.09 1.02 
3200 1.00 0.98 0.94 
3400 0.88 0.88 0.85 
3600 0.77 0.78 0.77 
3800 0.67 0.71 0.71 
4000 0.58 0.63 0.63 
4200 0.52 0.57 0.58 
4400 0.45 0.50 0.53 
4600 0.39 0.45 0.48 
4800 0.34 0.40 0.43 
5000 0.34 0.36 0.39 
5200 0.30 0.32 0.35 
5400 0.27 0.29 0.32 
5600 0.25 0.25 0.29 
5800 0.22 0.24 0.26 
6000 0.19 0.22 0.24 
6200 0.16 0.21 0.21 
6400 0.13 0.19 0.19 
6600 0.10 0.18 0.18 
6800 0.08 0.16 0.17 
7000 0.07 0.14 0.16 
7200 0.06 0.13 0.15 
7400 0.05 0.11 0.14 
7600 0.05 0.09 0.13 
7800 0.04 0.07 0.12 
8000 0.03 0.05 0.11 
Table 11. Calculated values or corrected drawdown as & 
runction or rand T. 
h - h = 0 
For: 




T = 50,000 gal/day-ft. 
r = 600 ft. 
t = 169.74 days 
Sy= 0.2 
u = ( 6 0 0 ft. ) 2 ( 0 . 2) ( 7 . 4 8 g a 1/ ft 3 ) 
4 (50,000 gal/day-ft.) (169. 74 days) 
u = 0.01586 
h - h = 1 rn~d 3.636 
0 
4TI (50,000 gal/day-ft.) 
h - h 
0 
= 5.787 ft. 
S' = s + s2 
2m 
S' = 5.787 ft. + (5.787 ft.) 
2 
2 (200 ft.) 
corrected drawdown = 5.87 ft. 
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